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INTRODUCTION 


Investigations on the mechanism of heredity have progressed to such a 
point that there need be little hesitation in accepting the recent statement 
of East and Jones (1919), that ‘Mendelian heredity has proved to be 
the heredity of sexual reproduction; the heredity of sexual reproduction is 
Mendelian.” 

It has also become clear, however, that most cases of inheritance are 
far from exhibiting the simplicity which MENDEL was fortunate enough to 
find in certain variations of the pea. Among our domestic animals, for 
example, specific Mendelian factors have only been demonstrated in the 
case of a few color variations and a very small number of morphological 
differences. The great bulk of the variations both in characters of eco- 
nomic importance and in fancy points can only be interpreted as Men- 
delian on the assumption that each character is affected by a number of 
independent unit factors. The same is probably true of most varietal and 
specific differences in nature. The results of SuMNER’s (1918) experiments 
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with geographic races of Peromyscus are a good illustration. Moreover, 
even where there is simplicity on the genetic side, it may be obscured by 
variation due to external conditions. 

It is thus important to understand the consequences to be expected from 
the Mendelian mechanism when various systems of mating are followed 
in a population in which the varying characters are determined by factors 
which are individually beyond control. 


x 


CONDITIONS FOR EQUILIBRIUM 


It has been shown by PEARSON (1904) that an F, population, composed of 
25 percent AA, 50 percent Aa and 25 percent aa, remains true to these 
proportions under random mating. Harpy (1908) showed that there is 
equilibrium under random mating if the number of heterozygotes is twice 
the square root of the product of the two homozygous classes, i.e., if the 
three classes are in the proportions x7AA :2xyAa:y*aa. Here x and y 
are the relative proportions of gametes A and a in the whole population. 
Where triple allelomorphs are present in the proportions x, y and 2, the 
proportion of the zygotes, when in equilibrium, can be found from the 
expansion of (x + y + 2)’, and so on for larger numbers of allelomorphs. 
In cases involving multiple factors, the above formulae hold true of course 
for each separate factor. As there can be no equilibrium until all of the 
factors are combined at random (assuming random mating), whether there 
is linkage or not, the proportions of the various combinations of factors 
under equilibrium can easily be calculated. With three factors, for 
example, the proportions of the various zygotic formulae can be found 
from the expansion of (x + y)? (x’ + y’)? (x” + y’’)*. 

In the case of one factor, equilibrium is reached in the first generation 
after random mating commences, regardless of the initial composition of 
the population (WENTWORTH and Remick 1916). This is not the case 
with combinations of two or more factors. Here there is in general a con- 
stant approach toward an equilibrium point which theoretically is never 
reached. The approach is naturally slower in the presence of linkage than 
with independent factors. JENNINGS (1917) gave formulae for deriving 
the composition of successive generations in the two-factor case. RoB- 
BINS (1918 a) expressed the results in a simpler form, from which the 
composition of any required generation can be found immediately. He 
uses pn, Jn, Sn, and ¢, for the proportions of the gametes AB, Ab, aB and 
ab, respectively. He assumes a gametic ratio of r:1:1:r due to linkage. 
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Letting A, = nS, — Put, he obtains the formulae: 
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The zygotic composition can be derived at once from the gametic com- 
position on the basis of random mating of the gametes as shown by JEN- 
NiINGS. The more complicated formulae for unequal linkage in the two 
sexes are also given by ROBBINS. 

In the problems to be dealt with in the present series of papers, we will 
assume that the original population is already in equilibrium under random 
mating. The question to be investigated in each case is the change in 
composition of the population brought about by a given system of mating. 
In some cases a new equilibrium point is approached, in others there is no 
equilibrium until complete homozygosis is reached. 


SYSTEMS OF MATING 


The primary classification of systems of mating depends on whether we 
are dealing with material that is known or unknown genetically. Under 
the former head come all cases in which it has been possible to isolate 
specific Mendelian factors. Cases can also be included in which, while 
the individual factors are not known, it is known that they are homo- 
zygous. Thus each of the pure breeds of live stock is doubtless homo- 
zygous, or nearly so, in many factors. Pure-breeding and the crossing of 
pure breeds for one generation are systems of mating which give uniform 
results within limits. 

In dealing with material which is unknown genetically, the two most 
important methods of control are the mating of animals which for one 
reason or another are like (or unlike) each other, and the bringing about of 
a differential productivity among the classes. 

The similarity between mated animals may be primarily genetic and 
only incidentally, if at all, somatic, as in the mating of near relatives or 
mating within local races. On the other hand there may be assortative 
mating based on somatic resemblance, in which case there is only inciden- 
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tally, if at all, genetic similarity. Differential productivity may be due to 
intentional elimination of certain classes, differential death rate, mating 
rate or fertility. 

The effects of continuous self-fertilization were given by JENNINGS 
(1912). The results of continued brother-sister mating have been inves- 
tigated by PEARL (1913, 1914 a, 1914 b), Fisn (1914), Jennuncs (1914) 
and Rossins (1917). JENNINGS (1916) has also given formulae for vari- 
ous forms of parent-offspring mating. Simple cases of assortative mating 
and selection have been discussed by JENNINGS (1916) and by WENTWORTH 
and Remick (1916). Rossrns (1918 c) has discussed a form of disassor- 
tative mating in which brother-sister matings are avoided. 

The usual method of attack has been to write out the different zygotic 
formulae, or in some cases the gametes, involved in the population, deter- 
mine the changes in the relative proportions of the different classes during 
a number of generations under the given system of mating and attempt to 
deduce from this a general formula. It is evident that this method becomes 
very cumbersome in dealing with more than two factors. It is also diffi- 
cult to deal with assortative mating which is not perfect or with the effects 
of consanguine matings which are more remote than between brother and 
sister. 


ANALYSIS BY PATH COEFFICIENTS 


These difficulties, however, can be met in part by a different method of 
attack. The method to be used here is that of path coefficients. This 
method which is described in detail in another paper (WricHT 1921), 
gives a means of calculating the degree to which a given effect is deter- 
mined by each of a number of causes in a complex system of correlated 
variables. It depends on the combination of knowledge of the degrees of 
correlation among the variables with such knowledge as may be possessed 
of the causal relation. 

Figure 1 is meant to illustrate a system in which the variations of two 
quantities X and Y are determined in part by independent causes, such as 
A and D, and in part by common causes, such as B and C. These com- 
mon causes may be correlated with each other through more remote causes 
which are not represented in the figure. We will assume that all of the 
relations are approximately linear and that the influences of the various 
causes are combined approximately by addition. The path coefficient, 
measuring the importance of a given path of influence from cause to effect, 
is defined as the ratio of the standard deviation of the effect when all 
causes are constant except the one in question, the variability of which is 
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kept unchanged, to the total standard deviation. A path coefficient 
differs from a coefficient of correlation in having direction. 

The symbol py. , means the coefficient for the path of influence from A 
to X. In most cases in the present paper, however, it will be more con- 
venient to represent the path coefficients by single letters. 

It can be shown that the squares of the path coefficients measure the 
degree of determination by each cause. If the causes are independent of 
each other, the sum of the squared path 
coefficients is unity. If the causes are 
correlated, terms representing joint de- 
termination must be recognized. The 
complete determination of X in figure 1 
by factor A and the correlated factors 
B and C can be expressed by the 
equation: 


(1) @+04+ e242 berg =1 


The squared path coefficients and the 
expressions for joint determination meas- 
ure the portion of the squared standard 
deviation of the effect due to the causes 
singly and jointly, respectively. 

The correlation between two variables 
can be shown to equal the sum of the 
products of the chains of path coefficients m eae ane = 
along all of the paths by which the vari- ined in out by panies is conmetn 
ables are connected. In figure1,X and and C) which are correlated with each 
Y are connected by four paths. other. 


(2) rxy = bb’ + cc’ + brgcc’ + crgcd’ 


The mode of analysis of systems of mating, which is to be used here, 
consists in the main in representing each system by a diagram and apply- 
ing the two equations given above, one expressing the complete deter- 
mination of each variable by others, and the other expressing the correla- 
tions in terms of path coefficients. 





HEREDITY AND ENVIRONMENT 


The characteristics of an individual may be looked upon as determined 
by two classes of factors—those which are internal or hereditary and those 
which are external or environmental in a broad sense. In figure 2, H 
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represents the constitution of the fertilized egg and hence all that is received 
by the individual by inheritance. The environmental factors are sepa- 
rated into two elements, tangible environment (£) and the intangible 
factors (D) which are not common even to litter mates, and yet appear to 
be responsible for much variation in early development. The path coeffi- 
cients ~o.q, Po., and fo.p are represented by h, e and d respectively. From 
equation (1) we have the following equation which is of use in calculating 
the relative importance of heredity and environment: — 


MW+@+e=1 
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d 
ae 
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FicurE 2.—A diagram illustrating the relations between two mated, individuals and their 
progeny. H, H’, H” and H’” are the genetic constitutions of the four individuals. G, G’, G” 
and G’” are four germ-cells. E and D represent tangible external conditions and chance irregu- 
larities as factors in development. C represents chance at segregation as a factor in determining 
the composition of the germ-cells. Path coefficients are represented by small letters. 


THE GRADING OF GAMETIC AND ZYGOTIC FORMULAE 


In applying the methods of correlation and of path coefficients to Men- 
delian inheritance, we must adopt scales of measurement for gametic and 
zygotic formulae, as well as for the physical characters in question. This 
would be easy to do if the effects of factors were always combined simply 
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by addition. This, however, is by no means the case. It is probably 
more typical for the effects to be combined by multiplication, i.e., each 
factor increases the effect by a certain percentage. This, however, is not a 
serious difficulty, since it can be met by the use of logarithmic scales if 
necessary. Cases in which factors produce no effect except in the presence 
of others are more serious. It seems necessary to ignore them for the 
present. The most important remaining difficulty is that of dominance. 
If we assign values to each factor, we get a scale for measuring gametes 
and zygotes, but the latter represents the effect of the combination in 
development only if dominance is lacking. For example, if A and B are 
factors of equal importance, our scale would bring the zygotes AADbb, 
AaBb and aaBB into the same class, while if A and B are dominant, AaBb 
would show twice as great an effect as the others. 


DOMINANCE 


This difficulty can be met by using two methods of grading the consti- 
tution of the fertilized egg, one which is simply the sum of the values 
assigned to the various factors and one which measures the effect on devel- 
opment, i.e., allows for dominance. We can find the correlation between 
these two sets of grades. The diagram below shows the relations in the 
case of one factor in a population composed of wu AA + p Aa + 2 aa, 
The coefficient of correlation (product-moment method) comes out: 











he v (2% + p) 
Vo (u + p) (up + op + 4.2) 
A-— aa 
AA u 
Aa p 
aa v 





It is easy to show that this formula applies to any number of factors in 
which the three classes are distributed as above, regardless of whether the 
dominants act in the same or opposite sense on development. 

There are two cases which are of special interest in which the formula 
simplifies considerably. If the population is in equilibrium under random 


mating, p = V uv and the correlation comes out ae. Ea Table 1 
v+ Vo 
gives examples of this case: 
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TABLE 1 
GAMETES POPULATION CORRELATION BETWEEN 
ZYGOTIC FORMULAE WITH 
DOMINANCE AND WiTHOUT 
A a AA Aa aa DOMINANCE 
9 1 81 18 — 
id 10 106 100 rbo Vi = 0.426 
9 6 1 — 
3 3 16 16 ié vi = 0 632 
- 2 
3 2 1 rt 4 Vz = 0.817 
6 9 — 
3 3 is 16 is V$ = 0.926 
9 15 1 . _ 
vo 10 tb0 700 106 vif = 0.970 














By assuming that there are an equal number of dominant and recessive 
gametes, i.e., that « = v, the general formula becomes much simplified 
even without assuming that there is equilibrium, the correlation becoming 


1 1. If there is equilibrium, the value of » must be 3 in this case, 
a¢?f 





giving as before, ~/3. 
RELATIONS BETWEEN ZYGOTE AND GAMETE 


The genetic constitution (H) is determined completely by that of the 
egg and of the sperm which unite at fertilization. There is in general 
equal inheritance from the parents. Let a be the path coefficient from 
gamete to zygote. If there is assortative mating from any cause, there 
will be some correlation between the gametes which unite. Represent 
this correlation by f. By application of equation (1): 


2@+2af=1 
wie 1 
2(1+/) 


This equation does not of course apply in a case in which there is unequal 
inheritance from the sexes, as where sex linkage is involved. Caution 
must also be used in applying it where the mated individuals belong to 
different generations in a system of consanguine mating. 

The constitution of the germ-cells is in part determined by that of the 
parent, but only in part, since the same parent can produce numerous 
different kinds of germ-cells. The other factor is chance at segregation. 
In order to find the value of the path coefficient from zygote to germ-cell, 
it is necessary to know the relation between the germ-cells produced by 
gametogenesis from a single gametocyte. Let this correlation be repre- 
sented by g, and let 
Po-n” =Tou” = 6 
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So far as one pair of allelomorphs is concerned, it is obvious that the 
relation between the products of gametogenesis must be the same as that 
between the egg and sperm which united to produce the parent. If the 
parents are a random sample from the preceding generation, an important 
assumption, we have: g = /’. 

The prime in the symbol /’ is used to indicate the preceding generation. 
The nomenclature /’, f”’, f’” will be used for the first, second and third 
generations preceding the one in question. 

In the case of multiple factors, the same formula applies, provided that 
the factors of different sets of allelomorphs combine with each other at 
random at fertilization. This rules out assortative mating based on somatic 
resemblance. It does not rule out linkage in a population which is in 
equilibrium or has departed from equilibrium through consanguine mat- 
ings. Assortative mating and selection (parents not a random sample of 
preceding generation) will be considered later. 

We have considered the constitution of a germ-cell as in part determined 
by that of the parent and in part by chance at fertilization. In a sense, it 
is legitimate to reverse the arrows from parental constitution to germ-cell, 
and consider the former as completely determined by two gametes pro- 
duced by gametogenesis. The path coefficient pg-.g is, of course, not the 
same as that for the reverse direction pg. qv. 


2 pig + 2 Pigg = 1 (from equation (1) ) 
fag = parg (1 +8) = 6 (from equation (2) ) 
By elimination of pg”.g we obtain 
b? = 3 (1 + g) 


The correlation between the egg and sperm depends on that between 
the parental formulae which we will represent by m. 


f=m 
The correlation between the parents is greater or less than that between 


their genetic constitutions, depending on whether the assortative mating 
is based on somatic resemblance or consanguinity. In the former case, 


it is obviously Fe! in the absence of dominance, PS (1+ p) with perfect 


dominance and an equal number of dominant and recessive factors. In 
the case of consanguine mating the correlation between the parents is 


2 
mh'? without dominance, and Fh with dominance and an equal number 
of dominant and recessive factors. 
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CORRELATIONS BETWEEN RELATIVES 


Parent and offspring are connected by two chains of path coefficients, 
the direct path and the path through the other parent. 


abhh’ (1+ m) (no dominance) 


T= ~ (1 + m) (typical case of dominance) 


x 


ll 


’ vo 





Two brothers or sisters are connected by five chains of path coefficients, 
including common environmental influences. 


Too" = 2habbah + 2 habmbah + e 
= 2a*b*h? (1+ m)+e (no dominance) 
_ 2a h? 
"Tes 
The correlation between any pair of relatives can easily be found by 
extension of this method. 


(1 +m) + (typical case of dominance) 





oo" 


THE DEGREE OF HOMOZYGOSIS AND HETEROZYGOSIS 


In a population which is in equilibrium, under random mating, the 
percentage of homozygosis depends on the relative proportion of domi- 
nants and recessives. In a population composed of x*AA + 2xy Aa + 
y? aa the percentage of homozygosis is of course a This equals 
50 percent only if there are an equal number of dominants and recessives. 

Where there is not random mating, the percentage of homozygosis can 
be found from the correlation between gametes which unite at fertilization. 
Assume that there are x cases in which A nites with A, an equal number 
in which a unites with a, and 1 — 2x cases in which A unites with a. The 
product-moment correlation between the gametes, which we have called 
f, comes out 4a — 1. Thus for the percentage of heterozygosis we have: 


p=1-%w=30-/ 


This formula applies to any number of factors in the absence of assorta- 
tive mating based on somatic resemblance. The squared standard devia- 
tion for the variation due to a single Mendelian factor is obviously 1 — 9, 
and for m factors, combined at random, is (1— p), where the effect of 
one factor is the unit. The genetic variation of the population thus 
increases with the percentage of homozygosis. As the variation due to 
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other causes, not genetic, remains constant, the degree of determination 
by heredity, h?, also increases unless there has been complete determina- 
tion by heredity from the first. 
»_ 2h (1— >) 

«Wy (1-29) +1 
From the foregoing formulae, it is possible to express the correlations and 
path coefficients in each generation in terms of those in the preceding 
generation, provided that an expression can be found for m, the correla- 
tion between the genetic constitutions of the parents. This can easily be 
done for many systems of consanguine mating as will be brought out in a 
subsequent paper. 


where hj is the initial value of i? 





SUMMARY OF FORMULAE 


The table below shows these equations, and the form which they take 
if it is assumed that the population is in equilibrium (m, g, f, a?, b? con- 
stant) and in the case of random mating (m = 0). 


TABLE 2 
General formulae. 

















CONSANGUINE MATING EQUILIBRIUM RANDOM MATING 
RM+dé+e=1 R+da@é+e= M+d+e8=1 
m = ¢ (a’b’m’) m = constant m =0 

m 
g =f g =f af * 2a g =f’=f=0 
1 
Bb =3(1+/’ b2 at per 2 = 3 
_m és 
f =dm is f= 
1 

= —— 2 = == 2 = 
a? 2a4+f) a 4 (2 — m) a 4 
ab ¢fit ab 3 ab =} 

ene 1—m “a 

2 2 
i? _ 2h (i — p) he ea 3 aj 
hg(1—2p)4+1 2—m(1— hi 
Tpp = mh’? Tp = mh? Top = Q 
Tpo = abhh’ (1 + m) Tp = hh? (1+ m) Tp = hh? 








Too = 2 a%b*h® (1 + m) + e2 foo =4h (1+m +e Too = kh? + 2 





To allow for dominance (assuming equal number of dominant and 
recessive factors as in case of ) multiply the formulae for rpp, rpo and foo 
1 


1+p 
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It will be seen that if it is assumed that equilibrium is reached the for- 
mulae become very simple and still more so in the case of random mating. 
In this case, the degree of determination by heredity can be found directly 
from the correlation between parent and offspring. The correlation 
between parent and offspring and between brothers differs only in common 
influence of environmental factors on the latter. If these are assumed to 
be litter-mates for whom all or nearly all tangible environmental factors 
may be assumed to be in common, we can distinguish this class of factor 
from the chance variations in development which are not due to tangible 
external conditions. 


ILLUSTRATION OF METHOD 


A good illustration’ of these last points has been found in data on the 
inheritance of the piebald pattern in guinea-pigs, a case discussed in more 
detail elsewhere (WRIGHT 1920). The correlation between mated animals 
in a stock which had been bred at random was found to be + 0.019, indi- 
cating that there had been no unconscious assortative mating. The 
correlation between parent and offspring was +0.211, between litter mates 
+0.214. 


—. =0.211 i = 0.422 
ro =4l@ +e = 0.214 & = 0,003 
@ = 0.575 

1.000 


The standard deviation of the spotting in this stock was 0.802 in the 
units used. This means about 20 percent of the coat. The squared 
standard deviation can be broken into three parts, by multiplying by 
h®, e, and d® giving the portions due respectively to heredity, tangible 
environment and chance in development. We find 0.271 due to heredity 
and 0.372 due to other causes. On inbreeding brother with sister for a 
dozen generations, one would expect to find the portion of the squared 
standard deviation due to heredity eliminated, leaving merely that due to 
other causes. Such a stock was actually on hand. Its standard deviation 
was found to be 0.603, giving a squared standard deviation of 0.364 in close 
agreement with expectation (0.372), (on the assumption that dominance is 
lacking, an assumption justified by the results of crosses between inbred 
families at opposite extremes in amount of white). The correlation between 
parent and offspring in the inbred family was only 0.014 and that between 
litter mates 0.069, indicating that heredity actually had been virtually 
eliminated by the inbreeding. 
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INTRODUCTION 


The problem before us in the present paper is to discover the changes 
which are brought about by following a given system of consanguine 
mating in a population which has previously been breeding at random 
and has reached equilibrium as regards the distribution of Mendelian 
factors. Formulae were derived in the first paper of this series (WRIGHT 
1921) by which the essential data for any generation can be expressed in 
terms of those for the preceding generation, provided that the system of 
mating is such that the correlation between mated animals can be so 
expressed. These formulae are repeated here for convenience. The 
correlations and path coefficients are represented by small letters. Primes 
are used to indicate the preceding generation. 
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FORMULAE 

Correlation between zygotic formulae of mates, m = ¢ (a’'b’m’) 
Correlation between gametes from one gametocyte, g = f’ 
Squared path coefficient, zygote to gamete, BP=3(1+/') 
Correlation between uniting egg and sperm, = lm 

1 
Squared path coefficient, gamete to fertilized egg, a? = 21 +f) 
Percentage of heterozygosis, p=3(1-/S) 

-_ » _ 2h (1 — P) 

Determination by heredity, 2 = 


hg(1—2p) +1 


As in the previous paper, the percentage of heterozygosis is calculated 
for pairs of allelomorphs which are equally represented in the population. 
On this basis, 50 percent of the individuals are heterozygous in the original 
random-bred stock. 

The correlations between the characteristics of individuals depend, of 
course, on the degree of determination by heredity (4?) as well as on the 
correlation between the zygotic formulae. The formulae are given below 
both in the general form under which part of the variation may be due to 
tangible environmental factors (e?) and part to chance in development 
(d*), and also for the case in which variation is wholly genetic (#? = 1). 
The results in the present paper will be expressed on this latter basis, but 
may easily be converted into the more general form if h?, e* and d? are 
known. The results will also be given on the basis of no dominance. 
Allowance can be made for perfect dominance in the typical case in which 
dominant and recessive gametes are equally numerous, by multiplying 


each of these correlations by i+? The correlation between brothers 


(roo) aS given below applies best to litter-mates in so far as it involves e?, 
common environmental influences. 


General formulae (h? + d? + e = 1). No dominance 


Correlation between mates ‘pp = m h’2 

Correlation between parent and offspring rp. = abhh’ (1 + m) 
Correlation between brothers Yoo = 2a*b kh? (1 + m) +e 
Complete determination by heredity (hk? = 1). No dominance 
Correlation between mates Ypp = ™ 

Correlation between parent and offspring rp. = ab (1 + m) 
Correlation between brothers Yo = 2a*b? (1 + m) 
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BROTHER-SISTER MATINGS 


As the reader may feel some doubt as to the validity of the method of 
analysis used here, it will be well to begin with a case in which the results 
have already been determined by direct methods. We will start with a 
population which has been mating at random and has reached Mendelian 
equilibrium. We will assume that after a certain date nothing but brother- 
sister matings are made. The population will become‘ broken up into 


VY 




















Ficure 1.—Continued mating of brother with sister following random mating. 


permanently separate, but branching lines of descent, as illustrated in 
the diagram (figure 1). In this case the correlation between mates is 
siniply that between a brother and sister, produced by the preceding 
generation. The key formula is thus: 


m = 2a"b'? (1 + m’) 
The work of finding the path coefficients, correlations, etc., in succeed- 
ing generations can be arranged as shown in table 1. 
The percentage of heterozygosis as given by the present method is the 


same as that derived by Fisu (1914), Peart (1914) and Jennincs (1914) 
by direct methods, starting from a population of AA + 2 Aa + aa. On 
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starting from a cross of Aa X Aa, the result is the same except for a lag 
of one generation, there being no correlation between the brothers and 
sisters of the first generation. 
































TABLE 1 
GENERA- m g ae eae a° | gt ‘00 po p 
ATION | ="o0 | =f’ |=4(1+8)| = mb? | =4(1+/) | = 2a%?(1+m)| =ab(1+m) | =3(1—/) 

0 0 0 3 0 ; i 3 } i 
1 3 0 q L g $ é # Vi 3 
2 z 4 3 2 ir as Tr t v5 is 
3 it 3 + is 25 +4 34 t vi 32 
4d t te 3 4% bt To% ¢ $3 rn re 
5 t? + $4 $ i07 viz 10 t Vy 2 
6 10 #4 ti | iss oo tf 334 #54 397 | ass 
7 | 4 | wh | ae | ace | ones | ate | 6488 Vgeg | oth 
8 3} | age | ate | ane | ae | ee | 888) | 489 Jamel tbs 











The work of calculation is given in full above as an illustration of the 
general method. In the present case, the formula can easily be trans- 
formed in such a way that most of the series can be written from inspec- 
tion for any number of generations. The key formula 


m = 2a'*b’? (1+m’) 
can be written in the form 


= 2e2(b2 4 f) = Lhe th 
oh is 
Since 
f = mb? and 2 = 3(1+/f’), 
we have 


faadt2f+s” 


giving us a formula by which the series of values of the correlation between 
uniting gametes can easily be written for any number of generations with- 
out calculating the values of other variables. Since g = f’ this also gives 
us the series of correlations between gametes resulting from gametogenesis. 
From the equations 


WES NS np 1+2f+f 
20+f) ” 2Va+pasf) 
and p = 3 (1 —f) 


the corresponding series can be written as far as desired. 


a= 1. nt ), a 
m i+7? 3(i+f’),¢ 
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The various series can be expressed in terms of p, the percentage of 
heterozygosis, by substituting the value f = 1 — 2 pin the above equations. 


. ate . 1 
m=, = ———— ft uw eae 
Je! 4 (1 — p) 
g =1-—27’ Bb =1— 7’ 
p’ p” 
= > = — ed 
f 1 “<p p tae 


The last equation by means of which the percentage of heterozygosis can 
be written for any number of generations is of special interest, as it gives 
a demonstration of JENNINGS’s (1914) empirical formula, according to 
which the percentages of heterozygosis in succeeding generations can be 
written as a series of common fractions j, 2, °s, 3's, etc., in which the 
numerators are the successive numbers of the Fibonacci series, each being 


TABLE 2 
Percentage of heterozygosis. 





; | 
| J. = 
QUAD- | SINGLE | SINGLE 




















| ITHER-| DOUBLE ne | ?-BROTHE 

ng hoe ee Oe 

ATION | zaTION* — RE (FIGURE | p marcren | COUSINS | __ ae: eB (FIGURE | (FIGURE 
5 6) | | Figure 7 | Figure 8 Figure 9 10) 12) 

0 | 0.500 | 0.500 | 0.500 |.0.500 | 0.500 | 0.500 | 0.500 | 0.500 | 0.500} 0.500 

1 | 0.250 | 0.375 | 0.438 | 0.469 | 0.484 | 0.438 | 0.438 | 0.438 | 0.469 | 0.491 

2 | 0.125 | 0.312 | 0.406 | 0.453 | 0.477 | 0.375 | 0.391 | 0.406 | 0.453 | 0.491 

3 | 0.062 | 0.250 | 0.375 | 0.438 | 0.469 | 0.328 | 0.348 | 0.379 | 0.439 | 0.491 

4 | 0.031 | 0.203 | 0.344 | 0.422 | 0.461 | 0.285 | 0.310 | 0.357 | 0.427} 0.491 

5 | 0.016 | 0.164 | 0.316 | 0.406 | 0.453 | 0.248 | 0.276 | 0.339 | 0.416 | 0.491 

10 | 0.000 | 0.057 | 0.208 | 0.338 | 0.416 | 0.124 | 0.154 | 0.279 | 0.374 | 0.491 

15 | 0.000 | 0.020 | 0.137 | 0.281 | 0.382 | 0.062 | 0.085 | 0.243 | 0.344 | 0.491 

© | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000} 0.491 











* Repeated mating back to a homozygous sire (figure 3) results in the same rate of decrease in 
heterozygosis as self-fertilization. 

t Mating of offspring with younger parent (figure 4) generation after generation results in same 
series as brother-sister mating. 

} Continuous mating of half-first cousins (figure 11) rapidly reaches equilibrium at 0.481. 


the sum of the two preceding, while the denominators double each genera- 
tion. We will find that analogous rules can be applied to some of the more 
complex systems of breeding. The same relation can also be expressed in 


”” 

the form, p = p’ — 3. 
In interpreting the correlations 74. and 7po in this and other cases, it is 
of course to be understood that we are dealing with a population represent- 


ing all lines of descent from the original random-bred population. The 
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correlation between parent and offspring (rpo) brings out the rapidly 
increasing control over heredity due to the inbreeding. The correlation 
between brothers (700) brings out the increasing uniformity among the 
progeny of a single pair. 


The percentage of homozygosis (1 — ) meas- 


TABLE 3 
Correlation between mated individuals. 


ures the degree of fixation of heredity, and as far as possible, the pre- 





QvUAD- | 
















































































cannn. | 022? PROTMED! “oumsr | SUPE | ocromz| “AU7-SROTHER AD smatzn | | oo 
ation | FESTHLI-| Crcure | COUSINS | Cousms | THIRD COUSINS | COUSINS 
ZATION 1) (FIGURE (ricuRE | COUSINS | __ ' : (FIGURE | (FIGURE 
5) 6) Figure 7 | Figure 8 | Figure 9 
0 1.000 | 0 0 0 | 0 0 0 0 0 0 
1 1.000 | 0.500 | 0.250 | 0.125 0.062 | 0.250 | 0.250 | 0.250 0.125 0,.037 
2 1.000 | 0.600 | 0.333 | 0.176 0.091 | 0.444 | 0.389 | 0.333 0.176 | 0.037 
3 1.000 | 0.727 | 0.421 | 0.229 | 0.119 | 0.550 | 0.500 | 0.408 0.221 0.037 
4 1.000 | 0.792-| 0.500 | 0.278 0.147 | 0.640 | 0.584 | 0.459 0.261 0.037 
a 1.000 | 0.843 | 0.560 | 0.324 0.174 0.705 | 0.650 | 0.500 | 0.294 0.037 
10 1.000 | 0.953 | 0.754 | 0.499 | 0.292 | 0.877 | 0.836 | 0.621 0.407 0.037 
15 1.000 | 0.985 | 0.853 | 0.618 | 0.387 0.944 | 0.916 | 0.684 0.477 0.037 
ro) 1.000 | 1.000 | 1.000 | 1.000 | 1.000 1.000 | 1.000 | 1.000 1.000 | 0.037 
* Half-first cousins m = 0.071. 
TABLE 4 
Correlation between parent and offspring. 
BROTHER-|. DOUBLE an = HALF-BROTHER AND SISTER | SINGLE | SINGLE* 
GENER- | pextmii-| SISTER | cousmws | SECOND | “rrirep | cousins | cousins 
= ZATION 1) (FIGURE | GoUEE | COUSINS | = re (FIGURE | (FIGURE 
5) 6) Figure 7 Figure 8 | Figure 9 | 10) 
0 0.500 | 0.500 | 0.500 | 0.500 0.500 | 0.500 | 0.500 | 0.500 | 0.500 0.500 
1 0.817 | 0.671 | 0.589 | 0.546 | 0.523 | 0.589 | 0.589 | 0.589 0.546 
2 0.926 | 0.763 | 0.649 | 0.580 | 0.541 | 0.685 | 0.667 | 0.649 0.580 
3 0.966 | 0.827 | 0.693 | 0.606 | 0.556 | 0.747 | 0.725 | 0.688 0.603 
4 0.984 | 0.869 | 0.732 | 0.630 | 0.569 | 0.795 | 0.770 | 0.717 0.624 
2 0.992 | 0.900 | 0.764 | 0.653 | 0.583 | 0.831 | 0.805 | 0.740 | 0.641 
10 1.000 | 0.970 | 0.867 | 0.742 | 0.642 | 0.929 | 0.908 | 0.805 0.700 
15 1.000 | 0.990 | 0.920 | 0.803 | 0.690 | 0.967 | 0.952 | 0.839 0.737 
ro) 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 1.000 | 0.519 
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* Half-first cousins rp, = 0.536. 


potency to be expected in outside crosses. 
prepotency is due to homozygosis in dominant factors. 

It is easy to see that in the present case rpo and 70 approach unity, while 
the percentage of heterozygosis approaches 0. The values for genera- 
tions 1 to 5 and 10, 15 and & are given in tables 2, 3, 4 and 5. 


This is on the assumption that 








SEWALL WRIGHT 
































TABLE 5 
Correlation between offspring of a mating. 

DOUBLE QUAD- BR SINGLE SINGLE* 
ag es nr ea 
ATION ZATION “— (FIGURE Geena COUSINS | __ i { (FIGURE | (FIGURE 

5) 6) | Figure 7 | Figure 8 | Figure 9 10) 12) 
0 | 0.500 | 0.500 | 0.500 | 0.500 0.500 | 0:500 | 0.500 | 0.500 | 0.500} 0.500 
1 0.667 | 0.600 | 0.556 | 0.529 | 0.515 | 0.556 | 0.556 | 0.556 | 0.529 
2 | 0.857 | 0.727 | 0.632 | 0.571 | 0.537 | 0.650 | 0.641 | 0.632 | 0.571 
3 | 0.933 | 0.792 | 0.675 | 0.597 | 0.552 | 0.721 | 0.701 | 0.673 | 0.596 
4 | 0.968 | 0.843 | 0.714 | 0.622 | 0.565 | 0.770 | 0.748 | 0.705 | 0.617 
5 | 0.992 | 0.879 | 0.749 | 0.645 | 0.579 | 0.810 | 0.786 | 0.730 | 0.635 
10 1.000 | 0.963 | 0.857 | 0.735 | 0.638 | 0.919 | 0.898 | 0.800 | 0.696 
15 1.000 | 0.989 | 0.914 | 0.797 | 0.686 | 0.962 | 0.947 | 0.835 | 0.733 
ro) 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 0.519 














* Half-first cousins ro99 = 0.536. 


SELF-FERTILIZATION 


It may be interesting to consider the case of self-fertilization as another 
check on the method of analysis. Self-fertilization gives the same results 
as a system in which individuals are mated which are identical in genetic 
constitution with respect to each factor. This means that m equals 1. 
We have 


f=h=30 +9) -204/) 
p=3(1-f=20-f) =39' 


Thus the percentage of heterozygosis is simply divided by two in each 
succeeding generation, giving JENNINGS’s well-known series 3, 4, 3, 1s 
(JENNINGS 1912). 


PARENT-OFFSPRING MATING 


The general formulae which have been given, were calculated on the 
basis that the two parents were derived symmetrically from the original 
stock. Modifications may become necessary if the parents belong to 
different generations. The analysis of parent-offspring matings is of inter- 
est a an illustration of the flexibility of the method, besides giving ad- 
tional checks. 

JENNINGS (1916) gives formulae for a number of systems of mating 
parent with offspring. One of these is the mating of the daughters with 
the sire, generation after generation, as in figure 2. 

We will start with a random lot of both sexes. The path coefficient, 
sire to germ-cells, will always be ~/}, the value in a random stock. The 
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path coefficients, sperm to fertilized egg, and ovum to fertilized egg, will be 
equal, because the chance of getting a certain factor from the group of 
sires is the same as from the dams. 


® % 














FIGURE 2 FIGURE 3 
FiGuRE 2.—Mating of sire of unknown genetic constitution with daughters, granddaughters, 
etc., generation after generation. 
FicurE 3.—Mating of homozygous sire with daughters, granddaughters, etc., generation 
after generation. 


The key formula in the present case is clearly: 


m = Vi a’ + a’b’m’ 


f =Vi3bm 
m= V¥a' (1 +27’) 
Mt 1 
: 
b= Vide) 
on 4 2 2S, 
2 +f" 


f=3(1+2f 

p=4(1-f)=80 +49) 

The last formula gives a means of writing the percentages of heterozygosis 
in successive generations by inspection. We obtain the series §, 1s, 32, 
44, etc. By putting p’ = p, we obtain p = { as the limit when equilib- 
rium is reached. ‘These figures are the same as those given by JENNINGS 
(1916). 
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Figure 3 represents the same system of breeding as the last, except that 
the males are all homozygous (AA and aa). 

The constitution of the male gametes is now completely determined, 
nothing being left to chance 


m =a’ + a’b'm’ 


f = bm 
m=a'(1i+f’) = LE oP i 
2 


7 
ll 


4(1+/’) 


me 4 
¥e% 


Thus in this case, the percentage of heterozygosis is halved, each gen- 
eration giving the series 3, }, %, etc. 

If all the original males had been of type AA and the original females 
of type aa, or vice versa, the results would obviously have been the same as 
that given above, which agrees with JENNINGS’s (1916) formulae 35 and 36. 

This system of breeding is essentially that known among live-stock 
breeders as grading up. Males of the same pure breed, which is presumably 
homozygous in many factors, are used generation after generation on a 
scrub foundation. 

Figure 4 represents another system of parent-offspring mating, in which 
each individual is bred successively with his younger parent and with his 
offspring. The path coefficient, parent to gamete, is of course the same 
in both cases. 

m = a'b! + a'b’'m' 
f = bb'm 


i 
a +af 


m= 
f =a'b (024+ f’ 
=2(1+277 4+" 
p’ p”’ 
= 1 = = = —_ 
p =4(1-f) 7 +s 


This gives us the same series for the percentages of heterozygosis as in 
brother-sister mating, 7, 3, x's, gy . . . 0, as given by JENNINGS (1916, 
formula 48). 
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In all of the preceding cases it will be seen that the present method of 
analysis gives the same results as the direct working out of the Mendelian 
formulae. We may now pass on to more complicated systems of breeding 
which would be cumbersome to deal with by direct methods. 


b 
," — a a * s 
y 
a ," a * & 2 
a 
b 


cz. 





a’ 
* 
b 
| Ne Ca De af or 
: 
el Aue ge oe 











FIGURE 4 Ficure 5 
FicurE 4.—Mating of offspring with younger parent, generation after generation. 
Ficure 5.—Continued mating of double first cousins. The original random-bred population 
breaks up into lines containing 4 individuals in each generation. 


DOUBLE FIRST COUSINS 


If mating of double first cousins is begun in a random-bred population, 
the latter becomes broken up into distinct lines of descent, each involving 
four individuals in each generation. These lines of descent may, of course, 
bifurcate at any time as in the case of brother-sister matings. The rela- 
tionships within a single line of descent are brought out in figure 5. Our 
problem is to express the correlation between mated individuals such as 
A and B in terms of path coefficients and correlations applying to the 
previous generation. 

The path coefficient to A from either of his parents C or D and to B 
from E or F is a’b’. C and E are brothers (or brother and sister). The 
correlation between them is thus 2a’”b’"? (1 + m’’). The same is true of 
D and F. The correlation between C and F is not so obvious, but noting 
that F is a full brother of D, we see that the relationship between C and F 
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must be the same as between C and D, which are mated individuals with 
a correlation of m’. The same is true of the relation between D and E. 

Summing up the four chains of path coefficients and correlations by 
which A and B are connected, we obtain: 


m = a’*b’? (2 m’ + 4a’b’”2 (m’’ + 1) ) 


This can be simplified considerably by noting that a’%b?, a’’%b’?, etc., 
always equals }, that b°m = f and that b? = 4 (1+ /’) ~ 


qa’? 
m=. (4f’ + 2f” +f" + 1) 


From this formula we obtain at once a formula by which the series of 
values of f can be written by inspection. 


f =n $ (4f’ + 2f"’ +f” + 1) 
The formula for the percentages of heterozygosis can be written by mak- 
ing the substitution f = 1 — 2p. 
p = § (4p’ + 2p” + p’”) 


; ee” 
2 ae 





The series of values of p is thus 
(3, i), $; 5; +5, $4, o's om 
Each numerator is the sum of the preceding three numerators if the 


denominators are doubled each generation. 
That there is no equilibrium point until = 0 may be seen by substi- 


tuting p’” = p” = p' = p. 
QUADRUPLE SECOND COUSINS 


Theoretically a population can be broken up into groups of eight which 
perpetuate themselves indefinitely without making matings closer than 
between second cousins. This will be clear from a study of the accom- 
panying diagram (figure 6). 

Letting foo, 71: and m be the correlations between brothers, first cousins 
and second cousins, respectively, we find by inspection of this diagram: 

m = ab’? (2 m’ + 2713) 
ry = a/b? (2 m” + 27,°) 
Too = a'""2h!""2 (2m! + 2) 
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Simplifying in the same way as in the case of double first cousins, we 


obtain: 
/ 


aq’? 
m= * (8/’ + 4f”’ 4+ sl +f" + 1) 


f Je (8f’ rr af” A a +f" - 1) 
p vs (8p’ 4. 4p” + 2p” + a 

os p’ en asp!" 
This gives a series of percentages of heterozygosis which can be expressed 
in fractions, such that each numerator is the sum of the preceding four 
numerators and the denominators double: 


2 4 8 5 29 56 108 
(4, @ 3) 16> 43, 6 4) 125) 556 eee 0. 


‘ ‘ i 
Al B ‘eo @ Mh £ Fo0 » 
m' m’ m’ m 

] i 1 
renaenie es 
Me fena l, e@ 
lo. V0 to0 M0 


mena ™"™ena 

FicurE 6.—Continued mating of quadruple second cousins, the population breaking up 

into lines of 8 individuals. 
OCTUPLE THIRD COUSINS 

The analogy between the results for self-fertilization, brother-sister mat- 
ings, double first cousins and quadruple second cousins, is now obvious. 
The situation in groups of 16 in which matings are between octuple third 
cousins, can be analyzed in the same way and also gives analogous results: 





SIZE OF 





MATING GROUP PERCENTAGE OF HETEROZYGOSIS 
Self-fertilisation...........0...0: 1 b= P' le 
Brother-sister. ................- 2 P= P+ "I 
Double first cousins............ 4 P= Ph+ phat pls 
Quadruple second cousins....... 8 P= Pht Plt Pe’ le t+ 0" he 
Octuple third cousins........... 16 P= Pht er hte'le+ o'" hot 0" In 
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The decrease in heterozygosis is very slow in the case of octuple third 
cousins. After 15 generations (table 2) there is still 38 percent hetero- 
zygosis. Nevertheless it is obvious that no equilibrium point is reached 
until genetic variation is entirely eliminated. 

The systems of mating given abeve represent the least possible inbreed- 
ing within closed populations of the given size in each generation. It fol- 
lows that constant breeding within any population of limited size, even 
where consanguinity is avoided as far as possible, leads slowly to perfect 
homozygosis, provided that there are no disturbances from differential 
fecundity, etc. The population x2 AA + 2xy Aa + y* aa is in equilibrium 
only in a population of indefinitely large 


o bad ® size. This increase in homozygosis is, how- 
ever, at such a slow rate in populations 
larger than 16 (where inbreeding is avoided) 
that it is practically negligible. 

® * e 


MATINGS OF HALF-BROTHER AND SISTER 


A number of systems of mating between 
Da * 6 half-brothers and sisters can be devised. 
The simplest, at first sight, is that repre- 
sented in figure 7. The population becomes 
broken into distinct lines of descent in 
which three individuals are bred in each 
A® Re ce : , 
generation, one male and two of his half- 


FicuRE 7.—Mating of one male in sisters, which, however, are full sisters of 
each line with two half-sisters, full 
sisters of each other. 








each other. The correlation between mated 
individuals, such as A and B, depends not 
only on their common sire D, but on the fact that the sire of A and the 
dam of B, and also the dam of A and sire of B, are half-brother and sister, 
and that the dams are full sisters. The correlation between half-brother 
and sister of the previous generation is m’. The correlation between full 
sisters is 2a’’*b’? (1+ m’’). Thus the correlation between mated individ- 
uals A and B can be written 


m = a’? b'2 [1+ 2m’ + 2a'b’2 (1+ m”) | 
4a’? (Sf + 4f" + f'" + 3) 

f _ rhs (8f’ + 4f”’ + f+ 3) 

p rc ry (8p’ ry 4p" +p") 


Il 
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This gives us the series of percentages of heterozygosis, 
(3, $)> 1c 33) at 38) ee) x oom 0. 

On going back to the derivation of the key formula, it will be seen that 
we are assuming that inbreeding is preceded by a generation in which a 
male is mated with two females unrelated to him, but full sisters of each 
other. If the three individuals in the last generation of random mating 
back of each inbred line are all unrelated, the series runs, %, +4, 44, 34, 
ges... O. 

If one male is mated with an indefinite number of his half-sisters which 
are also merely half-sisters of each other (figure 8) the analysis is even 
simpler than in the last case. The slight departure from this system 
which would be necessary to keep up the numbers in each generation may 


RSL/ 
</ 


FIGURE ‘aoa of one male in each line with an indefinitely large number of half-sisters, 





which are also half-sisters of each other. 


The key formula is obviously: 


m = a’*b’? (1 + 3m’) 
— 2g’? (6f’ + f” + 1) 
sak ts" +2) 
pb = % (6p + p”) = 3p’ + ve 0” 


The series runs 4, 375, 23, 3s, sy . . . 0. Each numerator is thrice 


the preceding, plus twice the one before that, while the denominators are 
multiplied by four. 
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The last system of mating is of special interest since it is perhaps the 
most rapid practical method of fixing characters in live stock. If a breeder 
consistently uses a single male of his own breeding to head his herd, the 
typical mating will be between half-brother and sister, the females being 
in general half-sisters of each other. There will, of course, be some more 
remote matings—half-uncle and niece, etc.,—but these will be balanced, 
in part at least, by matings of full brother and sister, and parent and 
offspring. The rate of increase in homozygosis is fairly rapid. In three 
generations, there is 65 percent homozygosis compared with 75 percent 
with brother-sister matings. In eight generations, the figures are 80 
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FiGuRE 9.—Mating of each male with two half-sisters and each female with two half-brothers. 


percent and 91 percent respectively. In fifteen generations 92 percent 
and 98 percent respectively. With brother-sister mating, the herd breaks 
up into distinct lines in each generation, which cannot be held together. 
With the system under discussion, the character of the whole herd can be 
fixed at once. 

Another system of mating half-brothers and sisters, of more theoretical 
than practical interest, is illustrated in figure 9. Each male and female is 
mated with two half-sisters or half-brothers. While the original popula- 
tion will tend to break up into distinct groups, there is no limit to the 
size of each group. The key formula is evidently: 


m = a’? (1 + 2m! + ri) 


where 7}; is the correlation between half-first cousins of the preceding gen- 
eration. The value of 7;; can be expressed in terms of auxiliary formulae: 
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ry = a"? (m"” + 2 731 + 122) 
Yoo = a!"25!"? (931' + 2 999 + 733), ete. 

The writer has found no other method of solving the value of m than of 
carrying these auxiliary formulae back to the point at which there is ran- 
dom mating. To find the percentage of heterozygosis and the correlations 
between relatives for fifteen generations, it is necessary to find values of 
fz; in one case. 

In fifteen generations, the percentage of heterozygosis falls from 50 
percent to 24 percent. This is a much slower decline than in the other 
kinds of half-brother and sister matings considered. It is, however, easy 
to see that there is no equilibrium point short of complete homozygosis. 
Under equilibrium 


a’? = 3 = ab", etc., m=m', ry = ry, etc. 
(1+ 2m4+rm) =3(1 +n) 

m= 4 (m+ 271+ 17m) = § (m+ rm) 

29 $ (ri a 2 129 + 733) = 3 (ri + 133), etc. 


Thus under equilibrium 1, m, 711, 722, 733 . . ., forms an arithmetic series. 
Therefore, by going a sufficient number of generations m can be made to 
approach 1 as closely as desired. This causes 5? to approach 1, as is also 
true of f and g, while the percentage of heterozygosis, p = 3 (1 — f), 


approaches 0. 


2 
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MATING OF FIRST COUSINS 


The continued mating of first cousins as in figure 10 is a system which 
is similar to the mating of half-brother and sister in figure 9, in that the 
number of ancestors of both sexes, of a given individual, increases in arith- 
metic progression with the generations. The method of analysis is also 
similar. Inspection of the figure gives the following key equation and 
auxiliary equations: 


m = ab!? (r,, + 2m!’ + ro) 
rig = a!" (m"” + 2 429 + F33) 
133 = a!" (159° + 2 133° + 144) 

The percentage of heterozygosis decreases rather slowly, only falling 
from 50 percent to 34 percent in fifteen generations. Nevertheless, the 
limit is not reached until all heterozygosis is eliminated. This can be 
demonstrated by the same reasoning as in the case of half-brothers and 
sisters. 
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Ficure 10.—Mating of single first cousins, generation after generation. 
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Ficure 11.—A pedigree in which all matings are between half-first cousins. 
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HALF-FIRST COUSINS 


It might be thought from the preceding cases that there can be no 
equilibrium short of perfect homozygosis with any consistent system of 
inbreeding. This, however, is not the case, as may be seen from a con- 
sideration of various systems in which the consanguinity is more remote 
than between first cousins. In the case of half-first cousins (figure 11) 
there is no necessary relationship between A and B except through one 
parent of each, E and D. 

The key formula is: 


m = a'2h'2q""2h'"2 (1 + 2 m’’) 
2 
=T(+4f" +f”) 
f _ as (1 +. 4 ‘ies + f’”) 
p in Ps (4 p” +. p”” + 13) 


When equilibrium is reached, we find by substituting m” = m, f’”’ = 
f" =f, 9" = p" = p that m= vs, f = tr and p =H, t— = ty = 


Thus the percentage of heterozygosis falls only from 50 percent to 48 
percent if the system is continued indefinitely. 


SECOND COUSINS 


The mating of second cousins according to the system in figure 12 is 
even less efficient than the mating of half-first cousins, as regards decrease 
in heterozygosis. 

The key equation is: 


m= a'2h'2q'"2h'"2 [2 q' 2p (1 + m’'’) + 2 m'’| 
as iis qa’? (1 +. 8 f” 4+ Fie +f") 
f - we (1 +8f"+ rt iad +f") 


p “ie ay (26 + 8 p” + 2 p” + p’”") 
When equilibrium is reached 
—— v7,f= 33, p — 83, Too =Ttn 44 
Thus, the continued mating of second cousins causes the percentage of 
heterozygosis to fall merely from 50.0 percent to 49.1 percent. 
The general effects of inbreeding, such as the increase in uniformity, 


the prepotency in outside crosses, the usual decline in vigor in various 
respects are in all probability merely consequences of the increase in 
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homozygosis. It appears that while the continued mating of first cousins 
leads to perfect homozygosis, though rather slowly, systems based on 
more remote consanguinity cause only an insignificant increase in homo- 
zygosis if kept up forever. As far as this class of effects is concerned, 
the mating of half-first cousins or second cousins need hardly be considered 
as inbreeding. It should be added, however, that there is a somewhat 
distinct kind of effect for which these degrees of inbreeding may have some 
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FicurE 12.—A pedigree in which all matings are between second cousins. 


significance. In the case of a characteristic which is due to a single reces- 
sive factor and is very rare in the general population, the chance of appear- 
ance following a mating which is not consanguineous is exceedingly slight, 
while the chance after a second- or even third-cousin mating in the 
affected family may be sufficiently great to be an important consideration. 
The chance of appearance in‘*such a case could only be estimated by a 
study of the ancestry of the two individuals. 

We have found that continued first-cousin mating leads ultimately to 
perfect assortative mating (1.00) while half-first cousin leads only to a 
coefficient of assortative mating of 0.07 and second-cousin mating a coeffi- 
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cient of 0.03. It may seem difficult to obtain a population in equilibrium 
with an intermediate degree of assortative mating based wholly on con- 
sanguinity (i.e., matings not made on the basis of physical resemblance). 
Suppose, however, that the population is separated into non-interbreeding 
classes, such that there is a correlation of m between members of the same 
class. The correlation between two individuals chosen at random from 
the next generation, will be 40’b’m. The value of a’b’? when equilib- 
rium is reached is }. Thus, under random mating within the classes, the 
correlation of assortative mating for the whole pcpulation will remain m, 
indefinitely. 

We will have 


m 1 1—m 
=f= » @=1(2—m), P= p= 
s=f 2—m i ( ), iam 2—m 








Thus with mating correlations of 0.25, 0.50 and 0.75, the percentages of 
heterozygosis will be 0.41, 0.33 and 0.20 respectively. 

Such a system of non-interbreeding classes with a high correlation 
between members of each class can arise in various ways. For example, if 
any of the systems of consanguine mating which break the population 
into distinct classes are interrupted, being followed by random mating 
within each class, such a system as that just described would be formed. 
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VARIATION DUE TO ONE UNIT FACTOR 


The effect of assortative mating on a population in which there is a single 
unit-factor difference, sex-linked or otherwise, has been discussed by 
JENNINGS (1916) for the case of dominance. The effects of assortative 
mating with regard to one factor on the distribution of a linked factor are 
discussed in a later paper by the same author (JENNINGS 1917). WENT- 
worTH and Remick (1916) give a more general formula for the case of one 
factor with dominance, and also a formula for the case of no dominance. 

If there are an equal number of the dominant and recessive allelomorphs 
in the population, the series of percentages of heterozygosis for successive 
generations runs 4, }, 4, 1's, etc., in the absence of dominance, and }, 4, 
4, 4, 4, etc., in the presence of dominance. 
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VARIATION DUE TO TWO FACTORS 


Where a correlation between mates is based on relationship, the aver- 
age percentage of heterozygosis is not affected by the number of factors 
involved. The case is otherwise with assortative mating based on external 
resemblance. In dealing with characters dependent on two or more fac- 
tors the fact that the same appearance may be due to wholly different 
genetic constitutions, complicates the matter. 


AB Ab aB ab 
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Ficure 1.—Genotypes in original population. 

FicttrE 2.—Gametes produced by five phenotypes. 

Ficure 3.—Correlation between uniting gametes. 

Ficu'rE 4.—Genotypes after one generation of assortative mating. 

Let us consider the case of assortative mating with respect to a char- 
acter which depends on two equivalent factors, A and B, neither of which 
is dominant over its allelomorph a or 6. We will further assume that A 
and a, B and b are equally numerous and that the population is in equi- 
librium before the beginning of assortative mating. There will be nine 
genotypes distributed as in figure 1. There are five phenotypes, on 
the basis of which assortative mating is to be made. The propor- 
tions in which the four types of gametes are produced by each 
phenotype (4 to 0) are indicated in figure 2. In calculating the 
frequencies of unions among the various types of gametes, it must be 
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borne in mind that +s of the matings are within phenotype 4, xs within 
phenotype 3, 15 within phenotype 2, etc. The frequencies are given in 
figure 3, and the composition of the resulting population in figure 4. 

By repeating this process, the composition of any number of generations 
can be found. The writer has carried the work to the fourth generation. 
The percentages of heterozygosis for a given pair of allelomorphs in suc- 
cessive generations form the series (3), 3, 4%, 44, 1s. The correlations 
between gametes resulting from gametogenesis form the series 0, 4, 4, 3, 
and the correlations between uniting gametes form the series 3, 3, 3, £4. 

The work is rather tedious even in this very simple case. One would 
hardly care to deal with more than two factors or with imperfect assorta- 
tive mating by this method. Fortunately it is not difficult to obtain a 
general formula by methods similar to those used in the case of inbreeding. 


GENERAL FORMULAE 


In figure 5, ZAA’ and 2A”’A’” are meant to represent the genetic con- 
stitutions of two mated individuals. We will assume for the present that 
there is no dominance and that the influences of the various pairs of fac- 
tors AA’, BB’, CC’, etc., are combined additively. The path coefficient 
measuring the influence of any one of these pairs on the sum is represented 
by i. Each pair of allelomorphs such as AA’ is determined by the two 
factors of that set, A and A’, which united at fertilization. The path 
coefficient A to AA’ is aj, using the same symbol as in the preceding 
papers except that a subscript u is employed to indicate that we are deal- 
ing with a single unit factor. This coefficient a) is not, of course, equal to 
the reverse path coefficient AA’ to A, representing the relation between 
zygote and gamete in gametogenesis, which would be represented by 3,. 

We are assuming that there is a certain correlation between mated indi- 
viduals based on their somatic resemblance. We will call this correlation 
T»»- The existence of this somatic correlation means in general that there 
is some correlation between the zygotic constitutions. This we will 
represent by m. The existence of the correlation m implies a certain 
correlation between factors of the same set of allelomorphs, such as A 
and A”, in the mated individuals. It also, however, implies a correlation 
between factors of different sets of allelomorphs which act on the same 
character, such as A and B”. The former correlation will be represented 
by f, the latter by j,. For the sake of simplicity, we will assume that the 
factors A, B, C, etc., are equal in effect and that the relative frequency of 
A and a applies to the other sets of factors. Under these conditions, and 
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with assortative mating based wholly on external characters, there is no 
reason why an individual of formula AAbb should have a greater tend- 
ency to mate with his like than with aaBB. 


Thus, j, = fu 


Where there is no assortative mating based on external characters, as in 
the cases of inbreeding which have been discussed, 7, = 0. We will take 
up later the combination of inbreeding with assortative mating, in which 
j, is larger than7,. A case in which A and a are about equally numerous, 
while 6 is much less frequent than B, will of course be intermediate between 
the case which we are considering with m factors and the case with m-1 
factors. 
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Ficure 5.—Genetic constitutions of two individuals represented as determined by the indi- 
vidual factors and as correlated through correlations among the latter. 


The correlation between two factors of the same set of allelomorphs, 
which separate at gametogenesis (such as A and A’) is represented by g,. 
As these factors united at fertilization, in the preceding generation, we 
have, using primes for the preceding generation, g, = f,. 

The correlation between factors of different sets of allelomorph’ (such 
as A and B) is represented by k,. There is an even chance that these two 
factors, came to the individual from the same parent. In this case, the 
correlation is naturally the same as in the preceding generation, kj. It is 
also an even chance that the factors came from opposite parents in which 
case their correlation must be 7; (= fj). 
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On the average 


Since AA’ is completely determined by A and A’ 


2 a,2(1 + 8u) =1 
, 1 1 


2 
ay 


2+4) 201+f) 





Any two pairs of factors such as AA’ and BB’ are connected by four paths. 
Their correlation is thus 4@/2k,, 

The total genetic constitution =AA’ is completely determined by the 
various pairs of factors of which we will assume that m are involved. 


ni? + 4n(n — 1) @Pa,2k, = 1 


res L+f, 
n(1 +f, + 2 (n — 1) k,) 





The correlation between two mated individuals (in so far as it is genetic) 
must equal the sum of the correlations between the various unit-factors in 
their constitutions. Adding up all connecting paths between 2AA’ and 
tA"A’” we get: 





m =4ni?a2f, +4n(n — 1) Pa,%4, = 4 na, f, 
a 2 nf, 
1+ f, +2 (n — 1) k, 
fe =U + fet 2(H- 1) bd 


For the percentage of heterozygosis with respect to a single pair of fac- 
tors among the progeny of the mating between 2AA’ and 2A’’A’” we 
have as usual: 


The constitution of the gametes can be thought of as completely deter- 
mined in a mathematical sense by the component factors. The path 
coefficients A to ABC, etc., in figure 6 are represented by /. 


ni? + n(n — 1) Pk, = 1 
i 1 
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The correlation between two sister gametes ABC and A’B’C’ can now 
be found. 
g = ni?g, + n (nm — 1) Pk, 
f+ — ik, 
ce i” (n — 1) k, 





The correlation between uniting gametes such as ABC and A’’B’C” is 
also easily found. 


f 


nif, + n(n — 1) Pj, 
= nlf, 


m 
7 its) 





FIGURE 6.—Genetic constitutions of sister gametes (produced from one germ mother cell) of 
mated individuals represented as determined by the individual factors and as correlated through 
the latter. 


The values of 6 and a (figure 7) are the same as with inbreeding. 


b& =43(1+ 4) 
. 1 
2(1 +f) 


The existence of a correlation, 7,,, between mated individuals, based 
on their somatic resemblance, means not only that there is a tendency to 
mate individuals of like genetic composition, but also individuals affected 
similarly by external conditions, or resembling each other because genetic 
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peculiarities of one have had the same effect as the external conditions 
which influenced the development of the other. If /? and eé are the rela- 
tive degrees of determination by heredity and environment, respectively, 
it may easily be shown that r,,/* is the correlation between the genetic 
compositions of the two individuals, r,,e? that between the external con- 
ditions which affected them, and r,,eh that between the genetic composi- 
tion of one and the external conditions for the other. The total correla- 
tion between the individuals (figure 7) is thus 


Tp (ht + 2 he? + é*) == Top (e a h?)? = Top 


A consideration of the relations between parent and offspring and 
between two offspring, as represented in figure 7, but using h” for the 
degree of determination of a parent by heredity, gives the following 
formulae: 

To = abhh' (1 + ryp) 
Too = 2 ahh? (1 + ryph’?) 


SUMMARY OF FORMULAE 


It will be convenient to summarize the more important formulae at this 
point: 


fa =F t+ht2@-1) kl 
1+nfut+ (n—1) ku 








” abe Fe ea ee 
_fat(n—1)k, 
i +e- Ok 
f =FQ+s) = mb 
a? ae ae 
2(1 +f) 
Bb = 3 (1+) 


Tyo = abhh! (1 + ry») 
Pop = 2 aE (1 + ryph”) 
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ft, %,, and kh? can be calculated for any number of generations for a given 
number of factors (m), a given coefficient of assortative mating (r,,) and a 
given initial degree of determination by heredity (42). The other path co- 
efficients, the correlations and the percentage of heterozygosis can then 
be found for any generation. 


CHECKS ON THEORY 


A check on these results can be obtained by comparing with the results 
obtained by direct calculation in the case of perfect assortative mating 
with one or two factors. 

One factor 


p=3(1—-f) = 49" 
Thus the percentage of heterozygosis halves with every generation as 
found by direct analysis. 
Two factors 
fo =2(1+fi+2h,) 
Starting with /, = k, = 0, we obtain the following series: 
k, _ 0, 0, t, 


1 

4 

on 1 3 38 
f, = 9, 4, 8,6 


From these figures, the values of g, f and can be calculated: 


53 64 
g = 0,0, 4, 4, #7, 33 ro 
2 8 10 457 
f =4,,448, t#...1 
8 5 17 29 99 
P= , 3, 18, $4, 128, Biz 0 


These figures agree with those obtained for the correlation between 
sister gametes, between uniting gametes, and for the percentage of hete- 
rozygosis, as far as these were obtained by direct calculation (see page 146). 


OTHER RESULTS 


The values of the correlations between parent and offspring, between 
brothers, and the percentage of heterozygosis, are given for generations 
1 to 5 and 10,15 and ~ in a number of cases in tables 2,3, and 4. It will 
be noted that disassortative mating can be dealt with in the same way as 
assortative mating by using negative values of m. 
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EQUILIBRIUM 


When equilibrium is reached, /,, = te = g, = k,, etc., f = g, ab = }. 

m ° 

Iu 28-8 Gse- 0 
n (1 — m) 

2n(1—m)+m 





With perfect assortative mating, no dominance and no variation which 
is not genetic (m = 1), there is no equilibrium until heterozygosis is entirely 
eliminated. Such conditions, however, would almost never be found in 
practice. Thus in general, assortative mating leads to a condition of 
equilibrium in the population without ever fixing types. In fact, the 
degree of fixation of types is in general rather small. A correlation of 
0.80 between zygotic formulae would be very high in practice. If m = 


0.80, p = —" _ With two factors involved, heterozygosis is reduced 
2n + 4 


only from 0.50 to 0.25 by an indefinite number of generations of assorta- 
tive mating. With four factors, » is reduced only to 0.333, and with eight 
factors, only to 0.40. 


h2 
The correlation between parent and offspring becomes : (1 + 7,,) and 


2 
between brothers (1 + r,,h?) when equilibrium is reached. It is evident 


that these correlations may be very high under conditions under which 
there is very little increase in homozygosis. 


THE VARIABILITY OF A POPULATION 


One of the most important features of the composition of the population 
resulting from a given system of mating is its variability compared with 
that of the original random-bred stock. Turning to figure 5, we see that 
the degree to which the total genetic constitution (2AA’) is determined 
by variation in a particular pair of allelomorphs (AA’) is measured by 7. 

This measures the portion of the genetic element in the squared standard 
deviation of the population, which is due to one pair of allelomorphs. The 
squared standard deviation for such a pair of allelomorphs depends on the 
average percentage of heterozygosis. With the distribution 3 (1 — p’) 
AA + pAa + 3 (1 — p)aa the squared standard deviation is 1 — p’ in 
the scale in which unity is the effect of one factor. The genetic element 
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1— p’ 


in the total squared standard deviation (c,*) is thus : (parental 
i 





generation. 

The formula given for #? in the summary of formulae can readily be 
derived. 

Under equilibrium, we have 














m ‘ 
* “ss aee 8 
- n (1 — m) 
2n(i1—m)+m 
— i+f, as 1+f, _n—nm+m 
n(itf,+2(m—1)k] nlit(2n—1)f] n? 
2 .-*? n* 
@=-——* = 
$ 2n—2nm+m 


The genetic element of the squared standard deviation under random 
mating (m = 0) is > The ratio of the value of oj under any degree 


2n 


of assortative mating to that under random mating is thus ——————_. 

2n—(2n—1)m 
TABLE 1 

Ratio of the standard deviation, found when there is equilibrium under various conditions, to that 


found under random mating. All variation assumed to be genetic. 





























~~ pny ASSORTATIVE MATING INBREEDING 
or 
FACTORS | m = —1.00|m=—0.50| m= 0 |m=+0.25|m=+0.50|m=+0.75|m=+ 1.00], 2 7 Pog 
2 eo gc 4n Sn — "7 
7 VS VES aa 6n+i Vets ViGh vats v2 
1 0.82 0.89 1.00 1.07 1.15 1.26 1.41 1.4 
2 0.76 0.85 1.00 1.11 1.26 1.51 2.00 1.41 
4 0.73 0.83 1.00 1.13 1.33 1.71 2.83 1.41 
10 0.72 0.82 1.00 1.15 1.38 1.86 4.47 1.4 
© 0.71 0.82 1.00 1.15 1.41 2.00 © 1.4 





























It is interesting to compare this variation found after following a system 
of assortative mating until equilibrium is reached with that found in a 
case in which complete homozygosis has been reached by inbreeding. In 
the latter case, the various pairs of allelomorphs are fixed independently 


of each other. Thus ? = 4 If all heterozygosis has been eliminated, 
n 
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ey = = mn. This is just twice the value of c,* in the original ran- 


dom-bred population, regardless of the number of factors. 
The preceding table gives the ratio of the genetic element in the stan- 
dard deviation under various conditions to that found under random mating. 


COMPOSITION OF THE POPULATION 


Assortative mating based on resemblance leads to a composition of the 
population very different from that reached by inbreeding. With perfect 
assortative mating of the former kind, a two-factor population is .con- 
verted ultimately into only two extreme types, AABB and aabb. With 
inbreeding, all homozygous types (AABB, AAbb, aaBB and aabb) tend 
equally toward fixation. 

The composition of the population when equilibrium is reached under 
assortative mating which is not perfect, is a question of some interest. 
No general solution can be given, since there are different ways of mating 
which give the same correlation between mates. The symmetrical two- 
factor case, however, is easily solved on making the assumption that the 
correlation between uniting gametes is homoscedastic. 









































| AB | Ab aB | ab 
<a 4B} s | > >| q Rath) 

AA| x 2 y | (1+ fu) : w Z 
Ag = y = > EU-/sf,) 

As ww 8 BU-f) 2 Pe &. 
aB — — ” = ry (1 — fu) 

aa| y Fa x | (1+ fu) = : = : 
@ zis. .3 x lt (1 + fu) 

Ficure 8 FicuRE 9 


FicurE 8.—Two-factor population when equilibrium is reached. There are four unknowns 
to be found. 
Ficure 9.—The correlation between uniting gametes in this population. 


The percentage of heterozygosis for the average factor is $ (1 — f,) 
2 + w = 4 (1 -f,) 
The percentage of unions between plus and minus factors of different 


sets of allelomorphs (A X } and a X B) must be the same under our con- 
ditions as the unions A X a and B X b. 


+ yt = 3 (1-f,) 


As a third equation we have, of course, 
2x+2y+42+we=1 
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The expression for the correlation between uniting gametes is consistent 
with the three preceding equations, but does not add the required inde- 
pendent equation. If, however, we assume as suggested above that the 
arrays of AB, Ab, aB and ab are equally variable, we get: 


ao = or 1 -f) = 8 (14h) 0-9) 
rQ-f.) 
or is the standard deviation of all gametes and f is, as before, the 


correlation between uniting gametes. The left-hand member is the 
m 


squared standard deviation of the array of Ab’s. Since f, = 7 
4— 3m 


ae 
and f = o Ju under equilibrium, we obtain: 


. 4 (1 — m)? 
(2 — m) (4 — 3 m)? 


w=2(2—* -s| 
4—3m 


zm3-3y-—23 








From these equations, we can find the composition of our ideal two- 
factor population when equilibrium is reached under assortative mating 
of any required degree. A number of examples are given below. 









































BB Bb bb __ BB Bb bb BB Bb bb 
AA} 1 2 1 |4 Aa| 29 «32—~=—«4s*| «75 AA| 22 16 7 | 45 
| 
| 
Aoi 2 4 218 Aa| 32 56 32 {120 Aa| 16 28 16 | 60 
mi ¢: eT aa| ‘. 3 - Dis a tT -  % bs 

4 8 4 |t6 75. 120 75 (|270 45 «60 ~~ 45—«*|150 

m= 0 m = + m=} 

BB Bb bb BB Bb bb BB Bb bb 
ms: 2°90 hs Ante @ 11 AA| 5 32 26 | 63 
, 2 oa oe oe Aacl 0 0 010 Aa| 32 104 32 |168 
ms > 2 ae ai O O 1(]1 aa| 26 32 5 | 63 

; = 2 i - -$ 42 63 168 63 (294 

m= 3% m=1 =-1 


Ficure 10.—Two-factor populations in equilibrium under various degrees of assortative 
or disassortative mating. 
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DOMINANCE 


In the cases with which we have dealt so far, we have assumed a con- 
stant degree of assortative mating. This is not a necessary limitation. 
The coefficient can be changed each generation if desired. 

If dominance is present, we have a case in which a constant correlation 
as regards external characters brings about a changing correlation with 
respect to zygotic constitution. It has been shown in the first paper of 
this series that if A and a are equally numerous, and A is completely 
dominant, the correlation between zygotic constitution and somatic char- 





er Unfortunately this simple 
formula applies to multiple factors only when these are combined at ran- 
dom, which is not true after a generation of assortative mating. We will 
not attempt here to go into the complexities of the general problem of 
assortative mating where there is dominance. The one-factor case, how- 
ever, is of considerable interest. It would be met where there is only one 
dominant Mendelian difference of importance, but overlapping of class 
ranges from non-genetic causes. 


acter with respect to one factor is \ 


12 12, 
hry _ 2K Py 








i+p 3-f, 

1+ fe i 
£ — 3 tf h Top 
, mS _ (1 om p') 1 | 
eal GS 


If there is complete determination by heredity and perfect assortative 





mating, h”r,, = 1, and p = r. The resulting series of values for the 


+p" 
percentages of heterozygosis, (3), 3, +, $, } . . . 0, agrees with that 
given by JENNINGS (1916) for this case. The values in certain cases in 
which there is not perfect assortative mating are given in table 2. 


ASSORTATIVE MATING WITH INBREEDING 


In practical live-stock breeding, assortative mating is likely to be accom- 
panied by a certain amount-of close-breeding. It is thus important to 
find the effects of the combination of these two systems of mating. 
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With most systems of inbreeding, we have found it possible to express 
the correlation between uniting gametes in terms of this correlation in 
previous generations. 


Brother-sister f=3 +f" +1) 

Double first cousins f=} AS + 2" +f" + 1) 
Quadruple second cousins f/f = yy (8f’ + 4f” + 27" + f"" + 1) 
One male, many half-sisters f = i (6f +f" + 1) 

Half-first cousins f= 4"! +f" +1) 

Second cousins fr kf +r +f +1) 

In general let f=eff) 


With assortative mating, there will be a correlation between uniting 
gametes, as regards one set of allelomorphs, equal to that between uniting 
factors of different sets in addition to the correlation due to inbreeding 


(figure 5). 
Thus, 
tu =fuato (in) 
As before, 
~~ In 
ky = 4 (jn + &) 
a, = oe 
" 2@4f) 
oo 1+f, 





n(1 +f, +2 (m— 1) &,] 

4 ni?a,7f, + 4n (n — 1) #a,77, 
/ Sale (f..) 
“i¢f+2@-Dk 


ae Oe 


> 
3 
Il 





(fa 


nN 


SS 





Iu 


i 2946+ 2@-pa 420 


2n 





r= 2 Mu t2¢ (fu) 1’ 
oe PT + f, + 2 (n—1) &,] 


When equilibrium is reached 


m+ 2(n — 1) (1 — m) ¢ (f,) 


2n —m (2m — 1) 
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As an illustration, take the case of assortative mating of 3, in part 
accounted for by the mating of second cousins, and assume that four 
factors are involved, we get 

fu = ma = 0.1373 
p=3 (1 —fr) = # = 0.4314 


At the equilibrium point for second-cousin matings: 


f = ds = 0.0189 
p = 2§ = 0.4906 


| 


At the equilibrium point for assortative mating of $ with four factors: 


f=%4=01111 
p = + = 0.4444 


It will be seen that the divergences due to the combination of inbreed- 
ing and assortative mating is somewhat less than the sum of those which 
would result from these systems of mating alone when the latter are both 
small. 

A system of inbreeding in which complete homozygosis is approached, 
would permit in practice a continuously increasing degree of assortative 
mating. The rate at which characters can be fixed is thus much increased 
by combining the two systems of mating. 
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INTRODUCTION 


In the systems of mating which have been considered in the previous 
papers of this series, it has been assumed that all classes in the population 
reproduce uniformly. The relative frequencies of the various factors 
within the whole population remain constant, however much change there 
may be in their combinations. Thus in any of these systems, random 
mating would in time restore the composition of the original population. 

To bring about a permanent change, there must be differences in the 
rate of reproduction-of the classes. Such differences may be due to differ- 
ential death rate, rate of mating or fecundity. The method of analysis 
by path coefficients does not appear to be well adapted to the study of such 
changes except in those cases in which the system of mating itself leads 
to the breaking up of the population into non-interbreeding lines. 

In the latter class of cases, including such systems as the continued 
mating of brother and sister, of double first cousins, etc., any one of the 
many possible inbred lines may be selected for further breeding. Random 
mating may be followed in the selected line without loss of the progress 
toward homozygosis. 


SELECTION WHERE ONE FACTOR IS INVOLVED 


The effect of selection of dominants only, in a one-factor case, has been 
considered by JENNINGS (1916) and by WENTWorTH and Remick (1916). 
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If the original population is {AA, }Aa, jaa, the proportion of recessives is 
reduced according to the series: 


1 
(3), t, 1s; vs *- 


The proportion of heterozygotes follows the series: 


oe’... a 
2)) 9) 16) 25 + + + » (n + 2)2 cee 

Selection of recessives, of course, brings about immediate fixation. 

If there is no dominance, selection of either homozygous type means 
immediate fixation. Selection of heterozygotes leads to no fixation what- 
ever, however long it may be continued. The color of the Blue Andalusian 
fowl is the classical example of an unfixable characteristic of this kind. 
The roan color of Shorthorn cattle, the cream color of guinea-pigs and the 
yellow color of mice are other cases. 


SELECTION TOWARD A DEFINITE TYPE 


If more than one factor is involved, the problem of the effects of selection 
is more complicated. 








FicureE 1 


Figure 1 represents the distribution curve of individuals in a population 
as regards a characteristic which depends on pairs of allelomorphs, the 
plus and minus factors of each pair being equally numerous, all factors 
of equal weight and dominance lacking. The number of individuals with 
each combination of factors can be found from the expansion of (} + 4)”. 


Genetics 6: Mr 1921 





164 SEWALL WRIGHT 


The standard deviation is \" . The distribution of the plus factors 


among the (2m + 1) classes can be found from the expansion of (3 + 3)”"— 
beginning with the first class. The distribution of minus factors is the 
same, except for a shift of one class range in the entire distribution curve. 
These points will be clearer from a concrete example. Assume that two 
pairs of allelomorphs are involved. The following distributions of classes, 
and of plus and minus factors will be found to be present: 











Number of plus factors inindividual 0 1 2 3 4} Total 
Number of individuals. ........... ; 4 6 £2 21 
Plus factors in each class.......... G42 BM OI 
Minus factors in each class........ 4 12 12 4 0} 32 
ROTOR, ccc cesscacccccsumnee @& BO OH Cle 


The ratio of plus factors to total factors is, of course, 4 for the middle 
class. For a deviation of x classes beyond the middle, the ratio (qg) is 
easily shown to be: 
att * 

a 2n 


-If we measure deviation (s) in terms of the standard deviation 





(in which case x = s 1 i , we obtain: 


s 
ra(t ge) 
. 2n 
For the proportion of heterozygosis produced by random mating, from 
parents at a given deviation, we have: 


p= 2g(—g =34(1- +) 


Suppose now that we select for mating only individuals of a certain class. 
If the middle class is chosen, the proportion of plus factors in all pairs of 
allelomorphs remains }. This will remain true after any number of genera- 
tions of selection. The resulting population, it is true, will show reduced 
variation. In the two-factor case, the standard deviation becomes V2 or 
81.6 percent of its original value after the first selection and falls to 72.8 
percent of its original value after an indefinite number of generations. 
On the return to random breeding, however, there is a return toward the 
composition of the original unselected population. Thus symmetrical 
elimination at the ends of the distribution curve may be carried on indefi- 
nitely without any permanent fixation of the intermediate type in our ideal 
population. In a population of limited size, such selection would, of 
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course, tend to fix some intermediate type, but the inbreeding consequent 
on small numbers is a necessary condition for this fixation. It should also 
be said that selection would effect more or less permanent change in a 
population in which the distribution of the factors is not so regular as in 
our ideal case. 

If selection is directed toward a type between the mean and one of the 
extremes, the proportion of plus factors in each pair of allelomorphs becomes, 


s 
as we have seen, 4 (1 + Tz) where s is the deviation in terms of the stan- 
n 





dard deviation and m is the number of factors involved. Almost the full 
effect of selectior is reached in the first generation if the average of the 
parents is at the desired type. Further selection will merely reduce the 
variability to some extent. All of this apparent fixation of type is lost 
on resuming random breeding, except such as follows the change in the 
proportions of the allelomorphic factors brought about in the first 
generation. 

The end classes deviate from the mean by V/2ne. If it is possible to 
breed from one of them exclusively, its type is, of course, fixed immediately. 
Where there is a large number of factors, however, individuals of the 
extreme classes are rare in the original population and the homozygous 
combination of all plus or all minus factors can only be brought about by 
repeated selection. 


INFLUENCE OF ENVIRONMENTAL VARIATION ON SELECTION 


In the discussion above, it is assumed that all variation is genetic. This, 
however, is rarely the case in practice. Let us assume, as in previous cases, 
that the degree of determination by heredity is /?. 

The distribution curve of our ideal population, including the effects of 
environmental factors in addition to 2” genetic factors, becomes equal to 


one involving = purely genetic factors. The distribution thus follows the 


2n 
expansion (4 + 4)", the standard deviation of which is eo 
,2 


The proportion of plus factors for a deviation of s times the standard 
deviation is now 4 (1 + ll 
V2n 


average pair of allelomorphs: 


“*) 
=mifi — —— 
P +( 2n 





) The proportion of heterozygosis in the 
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The result applies, of course, only to the genetic factors. The non- 
genetic factors continue to vary as much as before. Thus the portion of 
the standard deviation due to heredity becomes continually less, making 
the fixation of the characteristic by selection continually more difficult. 


SUMMARY 


Selection brings about some degree of control over heredity, as long as 
it is in process, through reduction of variation. The relative proportions 
of the factors in each set of allelomorphs are modified. ‘There is no perma- 
nent increase in homozygosis except such as goes with the change in the 
proportions of the allelomorphic factors. The two extreme types are the 
only ones which can be permanently fixed. Even in these cases, the rate 
of progress continually falls off as the relative importance of external factors 
on the characteristic becomes greater. 
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INTRODUCTION 


Some of the effects of representative systems of breeding on the com- 
position of a population have been presented in the preceding papers of 
this series. The purpose of the present paper is to bring together the more 
important of the results, unencumbered by the mathematics involved in 
their calculation. 


SYSTEMS OF BREEDING 


The systems of breeding which have been considered, aside from random 
mating, are inbreeding of various sorts, assortative and disassortative mat- 
ing based on somatic resemblance, and selection. With random mating, 
inbreeding or assortative mating, the relative frequency of the different 
genetic factors in the original population remains constant. Resumption 
of random mating leads to a restoration of the composition of the original 
population. Selection in the sense in which it is here used, which includes 
any differential rate of reproduction among the classes, whether due to 
differences in death rate, mating rate, or fecundity, modifies the relative 
frequencies of the factors and so alone effects a permanent change in the 
average composition of the population. 

These systems of breeding may be combined. Thus the combination 
of inbreeding with assortative mating has been considered briefly. Most 
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Ficure 1.—The correlation between parent and offspring in successive generations under 
various systems of inbreeding for a characteristic determined wholly by heredity and without 
dominance. 
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FicurE 2.—The correlation between parent and offspring in successive generations under 
different degrees of assortative mating (rpp = m) and different numbers of factors (m). 
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of the systems of inbreeding lead to the breaking up of the population into 
non-interbreeding lines. ‘The selection of one of these lines, may, of course, 
be followed by random breeding without restoring the original composition 
of the population. The combination of all systems, i.e., the selection from 
among inbred lines, within each of which there has been assortative mating 
and selection, is, of course, the most effective way of modifying the char- 
acteristics of a stock. 

In considering the effects of these systems of breeding, the correlation 
between parent and offspring, that between full brothers, the average 
percentage of homozygosis, the combinations of the factors which tend to 
become fixed and the variability of the stock are among the chief points of 
interest. The complications due to dominance, number of factors, linkage 
and the degree of determination by heredity should be considered in each 
case. 


PARENTAL AND FRATERNAL CORRELATIONS 


In practical breeding, one of the foremost considerations in the mind of 
the breeder is to obtain such control over the heredity of his stock that 
the characteristics of the progeny can be predicted from those of the parent. 
The most direct measure of the success of a system of breeding in this 
respect would seem to be the correlation between parent and offspring, 
relative to the general population. As there is a possibility of confusion 
here, it should be emphasized that in those cases in which the population 
becomes broken into isolated lines, the correlations between relatives 
measure the degree of control over heredity only when calculated from data 
involving a random sample from all possible lines of descent which could 
have been derived from the original stock. Thus the correlation between 
members of the same inbred line, from data combining a random group of 
inbred lines, approaches unity as inbreeding proceeds. ‘The correlation 
between close relatives within a single line, on the other hand, approaches 
zero, provided that the characteristic is affected in the slightest degree by 
non-genetic factors. 

Even in using the correlation between parent and offspring, found in the 
total population, as a measure of control over heredity, allowance must be 
made for the change in the variation of this population during the course 
of the inbreeding or assortative mating. A given correlation in a highly 
variable population means less in the way of control than the same cor- 
relation in a less variable population. 

The correlations between parent and offspring and among brothers and 
sisters under various systems of mating are shown in figures 1, 2, 3, and 4. 
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FicurE 3.—The correlation between brothers in successive generations under various sys- 
tems of inbreeding, for a characteristic determined wholly by heredity and without dominance. 
Compare with figures 1 and 4. 
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Ficure 4.—The correlations between brothers in successive generations under different de- 
grees of assortative mating (rpp = m) and different numbers of factors (m). Compare with 
figures 6 and 2. 
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Figures 2 and 4 seem to indicate a high degree of control over heredity 
through assortative mating even for characters affected by many factors. 
This control, however, is relative to the greatly increased diversification 
of the total population under such a system of mating and means little 
as to actual reduction of variation among the progeny of given parents. 
The writer hopes to deal directly with the changes in the variation among 
brothers and sisters in a later paper. For the present, the percentage of 
homozygosis gives the best single measure of the effects of different systems. 


HOMOZYGOSIS 


The average percentage of homozygosis is important in a number of 
ways. It measures the permanency of the change effected by the system 
of mating. Thus, no matter how high the correlation between parent 
and offspring, random mating among the descendants of even a carefully 
selected group will be followed by the loss of the uniformity which has been 
gained unless the group consists of individuals homozygous in the same 
factors. 

The percentage of homozygosis of an individual is also important as one 
element in the very important quality of prepotency. Prepotency, as 
used by livestock breeders, means the power of an individual to exert a 
predominating influence on the character of his progeny. With our present 
knowledge of genetics, it seems clear that prepotency depends largely on 
homozygosis in dominant factors; the number of factors involved and 
linkage, being it may be added, important elements in the transmission 
of prepotency. Fixation of heredity and prepotency are generally desired 
in practical breeding. Unfortunately, a high percentage of homozygosis 
is also apt to go with a reduction in fecundity, growth and vigor. These 
effects appear to be due to the greater frequency with which mutations are 
recessive than dominant, and to the greater likelihood that any mutation 
will be harmful than advantageous. Thus dominant factors seem to be, 
as a rule, more conducive to vigor than recessive ones. With a given 
proportion of dominant and recessive factors in a stock, the proportion of 
individuals showing each dominant factor varies with the amount of 
heterozygosis. Moreover, as JoNEs (1917) has pointed out, the likelihood 
that certain of the factors conducive to vigor will be linked with injurious 
factors reduces the chance of obtaining vigorous homozygous lines even 
by selection. 
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THE PERCENTAGE OF HOMOZYGOSIS AFTER INBREEDING 


Figure 5 shows the increase in homozygosis in successive generations 
of various systems of inbreeding. These results are independent of the 
degree of determination by heredity, dominance, the number of factors 
or linkage. 

The solid lines show a series of systems in which the population breaks 
up into non-interbreeding lines in which there is a limited number of indi- 
viduals in each generation. Self-fertilization (one individual in each 
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FicurEe 5.—The percentage of homozygosis in successive generations under various systems 
of inbreeding. Systems in which the population breaks up into separate lines containing a con- 
stant number of individuals are represented by solid lines, the number of individuals being indi- 
cated. The percentage of homozygosis after an indefinite number of generations, is given at the 
right for each system. 


generation in each line) leads to a very rapid increase in homozygosis, 
90 percent being passed in the third generation and 95 percent in the fourth. 
Continued brother-sister mating (two individuals in each generation) 
passed 90 percent homozygosis before the eighth generation and 95 per- 
cent before the eleventh. The system in which one male in each line is 
mated with two half-sisters, full sisters of each other (three individuals 
in each generation), passes 90 percent homozygosis in the twelfth genera- 
tion. Continued mating of double first cousins (four individuals in each 
generation) does not pass 90 percent homozygosis until about the seven- 
teenth or eighteenth generation. The rates of increase in the cases of 














SYSTEMS OF MATING: GENERAL CONSIDERATIONS 173 


quadruple second cousins (eight individuals in a generation) and octuple 
third cousins (sixteen individuals in a generation) are naturally slower. 

These systems of mating are of interest as representing the least possible 
inbreeding within lines containing a constant number of individuals. In 
all of them, there is a continuous approach toward perfect homozygosis. 
The general formula obtained for systems of this kind shows that this is 
true in all cases of this kind. Thus there can be no equilibrium in a popu- 
lation of limited size, until perfect genetic uniformity is reached provided 
that there is no differential reproductive rate among the classes. The 
familiar formula for a Mendelian population in equilibrium, x* AA + 
2xy Aa + ¥* aa, applies strictly only to a population of infinite size. How- 
ever, the rate of increase in homozygosis in populations of more than 
sixteen is so slow, where inbreeding is avoided, that it is ordinarily of little 
significance. 

The system in which one male is mated with half-sisters, which are half- 
sisters of each other, breaks the population into distinct lines, but lines 
whose size is limited only by the number of females which can be used with 
one male. This system is the highest shown in dotted lines in figure 1. 
There is a fairly rapid increase in homozygosis, 90 percent being passed 
before the eleventh generation and 95 percent about the eighteenth. This 
system is of interest as being probably the most practical method of fixing 
a character in a herd of live-stock. If a man breeds wholly within his 
herd, saving one male in each generation, the typical mating will be between 
half-brother and sister, and most of the females will be half-sisters of each 
other. The system is economical in the use of males, permitting careful 
selection of the herd sire, and results in the simultaneous fixation of the 
same characteristics throughout the herd. With the other systems con- 
sidered, nearly as many males must be saved as females and the herd can 
not be held together easily, tending to break into sub-groups in each genera- 
tion, within which different characters tend to become fixed. 

In all but the last system, described above, the number of ancestors 
in each generation (back of a certain point) is constant. Theoretically, in 
the last system, the number of ancestors of an individual increases by one 
in each generation. Practically, of course, it would be impossible to carry 
out the system strictly in this way. The occasional use of females which 
were full sisters of each other would, however, have very little effect on 
the rate of increase in homozygosis, as may be seen by comparing the curve 
for the system in question with that immediately above it in figure 5. 

The second broken line shows the effects of the system in which each 
male is mated with two half-sisters and each female with two half-brothers. 
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This gives a network of descent in which the number of ancestors of any 
individual increases by one with each generation back. The continued 
mating of first cousins produces a somewhat similar type of pedigree, the 
number of ancestors increasing by two in each generation. In both of 
these cases, there is a continuous approach toward perfect homozygosis 
but at a rather slow rate. The percentage of homozygosis rises only from 
50 to 75 percent after fourteen generations of the system of mating half- 
brothers and sisters described above, and only to 65 perceht in the same 
number of generations of first-cousin mating. 

It might be thought that any system of inbreeding if followed consist- 
ently would lead ultimately to perfect homozygosis. It appears, however, 
that this is not the case for matings more remote than between single first 
cousins within a population which can be considered indefinitely large. 
The continued mating of half-first cousins causes a rise from 50 percent to 
52 percent homozygosis after an infinite number of generations. This is 
about the same change as is to be expected after fifteen generations of 
mating in a population of 100 in which inbreeding is avoided as far as 
possible. The continued mating of second cousins only causes a rise in 
homozygosis from 50 percent to 51 percent. 

As already noted, it seems most probable that the general effects of 
inbreeding—fixation of characteristics, decline in fertility, size and vigor— 
are due to increasing homozygosis. On this view, matings more remote 
than between first cousins are of virtually no significance as inbreeding. 
The limitation of the breeding population to less than 100 in a generation 
is of more significance even within fifteen generations. 

It should be pointed out, however, that where a character depends on 
a single recessive factor, rare in the general population, but known to be 
present in a particular family, the mating of half-first cousins, second 
cousins, or even more remote relatives may mean sufficient chance of 
recurrence of the character to be given consideration. 


HOMOZYGOSIS UNDER ASSORTATIVE MATING 


The degree of homozygosis following assortative mating based on somatic 
characteristics depends not merely on the closeness of the assortative 
mating, but also on the degree of determination by heredity, the number 
of factors, linkage and dominance. There is an approach toward perfect 
homozygosis as a limit only if there is perfect assortative mating and com- 
plete determination by heredity. Even under these conditions, as shown 
in figure 6, the approach is rather slow where the characteristic depends 
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on as many as four equivalent factors. Dominance also greatly reduces 
the rate of increase in homozygosis. With linkage, the effect would be that 
of a smaller number of factors than actually present. 

Complete determination by heredity is not common in practice. If 
there is any variation due to environment or irregularity in development, 
the percentage of homozygosis approaches an equilibrium point which 
falls far short of unity even where such variation is not great. 

Imperfect assortative mating reduces also the level at which the percent- 
age of homozygosis reaches equilibrium. This is illustrated in figure 6. 
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FicurE 6.—The percentage of homozygosis in successive generations under different degrees 
of assortative mating (rp) = m = 1.00, 0.80, or 0.50) and different numbers of factors (n = 
1, 2,4 or 10). It is assumed that all variation is genetic and that there is no dominance. The 
limiting percentages are given to the right. 


In most actual cases there will be a certain amount of non-genetic vari- 
ation and perfect assortative mating is not likely to be attained. Taking 
also into account that most characteristics seem to depend on a considerable 
number of factors and that there is likely to be some dominance, it may 
be concluded that assortative mating based on somatic characteristics 
is seldom of much value as a means of increasing homozygosis and hence 
of permanently fixing characteristics or of bringing about prepotency. 

Combinations of inbreeding with assortative mating bring about an 
increase in homozygosis which is only slightly less than the sum of the 
separate effects as long as these are small. The combined effect is, of 
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course, always somewhere between the larger single effect antl unity. 
Random breeding in a group of close relatives from an inbred line causes 
no substantial loss in homozygosis, however long it is continued. 


THE EFFECT OF SELECTION ON HOMOZYGOSIS 


Continued selection toward a given type, from a stock in which there 
has not been inbreeding, causes an immediate change in the relative fre- 
quencies of the favorable and unfavorable genes in each set of allelomorphs. 
This in itself brings about some increase in homozygosis. Thus, a change 
from 50 percent A, 50 percent a, to 75 per cent A, 25 per cent a, means a 
change from 50 percent homozygosis to 62.5 percent. Further selection 
toward the average reached by the first generation, however, produces 
no increase in homozygosis. There is continuous progress toward perfect 
homozygosis only when selection is directed toward an extreme type. 
Even in this case the rate of progress continually falls off unless mutations 
occur frequently. Straight selection unaccompanied by close breeding 
is thus not an effective method for permanently fixing characteristics. 


THE VARIABILITY OF THE POPULATION 


Either close inbreeding or assortative mating, unaccompanied by selec- 
tion, leads to increased variability in the population as a whole. The 
distribution curves under certain conditions are shown in figure 7. Any 
system of inbreeding which leads to complete homozygosis in all lines, 
brings about a doubling of the squared standard deviation of the whole 
population in so far as the variability is genetic. The same result follows 
assortative mating of + 0.50 if am indefinitely large number of factors is 
involved. The effect is somewhat less for small numbers of factors. With 
closer assortative mating there is still greater diversification of the popu- 
lation until under perfect assortative mating, the population reaches equilib- 
rium only when concentrated at the two extremes. 

Disassortative mating, on the other hand, naturally holds the population 
together better than random mating. Perfect disassortative mating halves 
the squared standard deviation, giving a population in which there is no 
correlation between parent and offspring and none between brothers if 
environmental factors and dominance are absent. 
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Ficure 7.—The distribution curves of populations in which variation is wholly genetic and 
due to a large number of factors, after reaching equilibrium, following an indefinitely large num- 
ber of generations of perfect disassortative mating (m = — 1.00), imperfect assortative mating 
(m = 0.50 or 0.75), or any system of close inbreeding (leading to 100 percent homozygosis), 
compared with that in the original random-bred stock (m = 0). Perfect assortative mating 
(m = 1.00) leads to concentration of the population at the two extremes of the range. 











SUMMARY 


It will be seen that all of the systems of mating have their advantages 
and disadvantages. Close inbreeding automatically brings about fixation 
of type and prepotency. Intermediate types are fixed as readily as ex- 
tremes. It is the only method of bringing to light hereditary differences 
in characters which are determined largely by factors other than heredity. 
On the other hand, close inbreeding is likely to lead toward reduced fertility, 
size and vigor. 

Matings between relatives more remote than first cousins have little 
significance as inbreeding, except in so far as there is continued breeding 
within a population of small size. 

Assortative mating and selection can lead to fixation of extreme types 
only and are not very efficient in this respect. Selection, however, is the 
only means of permanently changing the relative proportions of the various 
genes present in the original stock. It is an essential adjunct of the other 
systems as means of improvement. 
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INTRODUCTION 


There is given in this paper a description of the autosomal mutations 
that have been studied in Drosophila simulans, together with the data 
concerning their genetic behavior and interrelations. One of these auto- 
somal genes is responsible for the appearance of intersexes; and a discus- 
sion of intersexes and gynandromorphs in other Diptera is appended to 
the description of this character. 

The general discussion includes a summary of all the genetic data 
obtained with D. simulans and reported in this and the two preceding 
Parts of these studies, and conclusions based on those data. 


1 Contribution from the CARNEGIE INSTITUTION OF WASHINGTON. 
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A. H. STURTEVANT 
THIRD-CHROMOSOME GENES 


Scarlet. This mutation was first observed, August 6, 1919, in two indi- 
viduals from a mass culture of the pure Florida stock that formed a part 
of the non-disjunction experiments described in Part II of these studies. 

Scarlet was soon found to be an autosomal recessive,—the first non- 
sex-linked mutant gene in simulans. It closely resembles vermilion and 
scarlet in melanogaster (see LANCEFIELD 1918 and RicHARDs 1918), and 
its allelomorphism to scarlet melanogaster was accordingly tested. Six 
melanogaster females from a stock pure for scarlet were mated to six scarlet 
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FicurE 1.—Wings of a delta specimen of Drosophila simulans. 


simulans males. The ofispring were 102 in number (1019 + 1); 
and were all clearly scarlet. In two later cultures females from a melano- 
gaster stock pure for yellow and for scarlet were mated to simulans males 
heterozygous for scarlet. The offspring were all not-yellow females, 26 
of them wild-type and 16 scarlet. Since both scarlets are known, from 
other matings, to be recessive in hybrids, there can be no question that 
scarlet simulans is allelomorphic to scarlet melanogaster. Since the two 
characters look the same, we may conclude that they represent identical 
mutations. 


? This male was clearly a hybrid, and not due to non-virginity of his mother. He was evi- 
dently caused by non-disjunction, but whether by primary or by secondary non-disjunction it 
is not possible to state. 
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Scarlet in melanogaster is located about 35 units to the right of roughoid, 
the leftmost known gene of the third chromosome. It follows that the 
simulans chromosome that contains scarlet may be identified as corre- 
sponding to the third chromosome of melanogaster. ‘Though it was the 
second to be studied in simulans, we shall hereafter refer to it as the third 
chromosome. 

Delia. This mutation appeared, December 25, 1919, as a single male 
from a pair-mating of pure Florida ancestry. Both parents were hetero- 
zygous for scarlet, but the mutant male did not show the scarlet character. 
He had 29 wild-type and 10 scarlet brothers and sisters. The original 
delta male was mated to rubyoid females, 
and produced 5 wild-type females, 7 delta 
females, 10 rubyoid males, and 4 rubyoid 
delta males. This result showed the gene 
to be autosomal and dominant, so its rela- 
tion to scarlet was then tested. Delta 
males from the mating of scarlet by delta 
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were mated to scarlet females, and pro- 
duced only scarlet and delta offspring; thus 
showing that delta is in the third chro- 
mosome. Matings of this nature (mostly 
from males that were themselves the off- 
spring of such back-crosses) have given a 
total of 560 scarlet: 616 delta, with no other 
classes present. The delta females have 
been found to be sterile, so that it has not 
been possible to determine the amount of F!UR# 2.—Head and thorax of a 

f delta simulans. 
crossing over between delta and any other 
third-chromosome locus, or to see if the delta gene has a recessive lethal 
effect as do many of the dominants known in melanogaster. 

Delta flies differ from the wild-type in several respects, as appears from 
figures 1 and 2. The name is derived from the thickening of the second 
vein at its apex, which is often A-shaped. The whole second vein and the 
apex of the fifth are thickened, and other veins are often slightly so. There 
is usually a branch on the posterior side of the posterior cross-vein,—this 
being the character that was first noticed. The acrostichal hairs (on the 
dorsal surface of the thorax) are more numerous than in the wild-type, 
and are not arranged in eight definite rows as they are in the wild-type. 
A few small extra bristles are usually present on the margin of the scutellum. 
To these peculiarities must be added the sterility of the females mentioned 
above. Owing partly to this sterility, the mutant has now been lost. 
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Roughish. In February, 1920, a few flies with slightly roughened eyes 
were found in a stock from Rochester, Minnesota, and also in descendants 
of this stock in which the intersex character was being studied. The 
roughish eyes are only slightly different from the wild-type, and in a mixed 
culture a few of them are probably often classified as wild-type. When 
roughish and scarlet were crossed, the F; was wild-type, and the following 
F, was obtained: 








WILD-TYPE ROUGHISH | SCARLET SCARLET ROUGHISH 


201 | 91 | 83 0 





This result shows that roughish is a third-chromosome recessive. In 
later generations scarlet roughish flies were obtained, and were used for 
a few back-cross tests, as follows: 











TABLE 1 
Locr | TYPE OF CROSS NON-CROSSOVERS | CROSSOVERS TOTAL 
a, = _ 
sith X + | ss2 | 161 159 14 | 616 
| 9 tests } 
Suh | ‘ st X Th | 176 142 | 109 134 | 561 
| | 6 18 | 0 0 24 


ov test s: X 7, 





These data give a total of 516 crossovers among 1177 flies, or 43.8 per- 
cent, from the tests of females. Allowing for double crossovers, which 
would certainly occur in a distance as great as this, we may conclude that 
the third chromosome of simulans is at least 45 units long. The number 
of flies from the back-cross tests of a male is very small, but, taken in 
connection with the large amount of crossing over in the female and the 
absence of double recessives in the F., it is sufficient to indicate that this 
chromosome agrees with the third chromosome of melanogaster in showing 
no crossing over in the male. 

Roughish has been crossed to rough and to roughoid, two similar but 
more extreme mutant characters whose genes are located in the third 
chromosome of melanogaster: in both cases the hybrids were wild-type. 

3 In this and the other tables in this paper that give the results of back-cross tests, the same 
convention that was used in Part II of these studies has been followed. The first column shows 
the loci concerned and their sequence. The second column indicates the nature of the tested 
individuals (whether the test is one of “coupling” or of “‘repulsion”). The next two columns 
show the numbers of the two non-crossover classes produced, and the class that bears the 
dominant allelomorph in the locus lying to the left is set down first. Similarly for the cross- 


over classes; the class bearing the dominant allelomorph in the left-hand locus precedes the class 
bearing the recessive allelomorph in that locus. 
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Peach. On August 6, 1920, several flies (males and females) with eyes 
resembling the peach of melanogaster (but distinctly lighter in color) were 
found in a wild stock collected at Kushla, Alabama, in May, 1920. The 
character was found to be recessive, both in pure simulans and in melano- 
gaster-simulans hybrids. Its allelomorphism to peach melanogaster (also 
known, from other crosses, to be recessive in hybrids) was tested by mating 
peach spineless kidney sooty rough melanogaster females to peach simulans 
males. Two cultures of this type gave 87 and 126 females, respectively, — 
all of them peach and rather dark in body-color because of heterozygosis 
for sooty. Peach simulans is accordingly an allelomorph of peach (and 
therefore also of pink) melanogaster. It may be noted that mutations in 
this locus have been discovered about five times in melanogaster. 

Peach X scarlet (simulans) gave the following F:: 








WILD-TYPE | PEACH SCARLET SCARLET PEACH 


237 137 133 0 








It follows that the two loci concerned are in the same chromosome; 
which was to be expected, since in melanogaster they are both in the third 
chromosome. F: peach and F; scarlet flies were mated together. Two 
such cultures produced the double recessive, scarlet peach, in F;. This 
type is easily distinguishable from both single recessives, having a clear 
yellowish-colored eye. Back-crosses made with these flies have resulted 
as follows: 





TABLE 2 
TYPE OF CROSS NON-CROSSOVERS CROSSOVERS TOTAL 
51 X pe (¢ test)...... 369 337 269 | #298 | 1273 
+ X sipe(Q test).... 43 27 25 26 121 
ee Se 218 215 | 0 | 0 | 433 





The tests of doubly heterozygous females thus show that 44.3 percent 
of crossing over occurs, without any allowance being made for double 
crossing over. ‘This result is very surprising, as the two loci are only about 
3 units apart in melanogaster. We have seen in Part II of these studies 
that the sex-linked genes of melanogaster and simulans do not always show 
the same crossover values; but no such great difference as the present one 
was observed. It is hoped that more third-chromosome parallels can be 
found, in order that the maps may be compared in more detail. 
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SECOND CHROMOSOME. 


We have seen in Part II of these studies (StuRTEVANT 1921) that the first 
or X chromosome of simulans corresponds to that of melanogaster in that 
it carries the sex-determining gene (or genes) and also the genes for yellow, 
prune, rubyoid, carmine, and forked. The third chromosome has just been 
identified by means of the scarlet and peach genes. Since METz’s results 
indicate that the two species have identical chromosome groups, two 
more linkage groups should be expected in simulans. Of these, one (the 
second chromosome) should include a large number of loci and should 
show much crossing over; the other, the fourth chromosome, should include 
very few loci and should show very little if any crossing over. In fact, as 
might have been expected, only one other group has so far been found. 
This group contains six mutant genes (one less than is known for the third 
chromosome), and at least 45 percent of crossing over occurs init. We 
may safely conclude, then, that it represents the second chromosome, even 
though none of the mutant genes in it have been shown to be allelo- 
morphic to genes of melanogaster. 

This is the linkage group to which the intersex gene belongs. A pre- 
liminary statement of its existence has already been published (StuRTEVANT 
1920 a). 

Plum. On December 20, 1919, a single male was found in a wild stock 
from Staten Island, New York, that had purplish eyes. This eye-color is 
much like the purple of melanogaster, but is somewhat paler. Like purple, 
it darkens considerably with age. The original plum male was mated to 
yellow females: F; was normal in eye-color, and F; included plums of both 
sexes, showing the gene to be an autosomal recessive. Since the original 
mutant was found in a large mass culture no analysis of his origin can be 
made. 

Plum was crossed to scarlet, and in F, the following count was obtained: 





WILD-TYPE | PLUM SCARLET PLUM SCARLET* 





502 | 160 162 44 





Plum by roughish has given in F:: 





WILD-TYPE PLUM ROUGHISH PLUM ROUGHISH 





198 52 | 58 15 





‘ Plum scarlet is a yellowish-colored eye, much like vermilion pink in melanogaster. 
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All three mutants show somewhat reduced viability, but evidently the 
above are both 9:3:3:1 ratios, indicating that plum is not in the third 
chromosome. 

There are several second-chromosome mutants of melanogaster that 
resemble plum more or less closely, and its possible allelomorphism to them 
has been tested, as follows: 























TABLE 3 
HYBRID OFFSPRING 
Simulans PARENT Melanogaster PARENT Eyes wild-type 
Eyes purplish 
Q ro 
Plum Purple @ 112 0 0 
Plum < Purple brown 9 157 0 0 
Plum @ Purploid 9 ae 0 0 
Plum 9 Safranin 2 | 16 0 





These results show that none of the four mutant types, purple, brown, 
purploid or safranin, is allelomorphic to plum. It is to be noted that 
brown and plum look almost exactly alike, thus furnishing a case similar 
to that of the tiny-bristles reported in Part II of these studies. 

Frayed. On November 30, 1919, a few flies, of both sexes, that were 
taken to be tiny-bristle, appeared in a culture (prune carmine linkage test, 
of pure Florida stock) where they were unexpected. A few matings were 
made to determine the cause of this unexpected appearance, and in later 
generations it was found that the character was not tiny-bristle, but a 
new autosomal recessive. The original culture was a brother-sister mating, 
so the actual mutation can safely be referred to some preceding generation. 

The character, called frayed, is a complex one. The name is derived 
from the fact that the marginal hairs of the wings are very irregular, as 
though they had been rubbed the wrong way. Many of the thoracic 
hairs, especially the acrostichals, are missing, and one or more of the 
dorsocentral bristles is usually absent. The bristles are a little shorter 
than usual. The eyes are often slightly roughened or pitted. The flies 
always emerge several days later than their normal brothers and sisters, 
and are usually dwarfed and somewhat pale. They are often sterile— 
especially the females. Owing to these latter peculiarities the mutant has 
been lost. 

Crossed to plum, the following F, was obtained: 





! 
WILD-TYPE FRAYED | PLUM | PLUM FRAYED 





761 221 358 0 
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Since no double recessives were obtained, the two genes are in the same 
chromosome. Double recessives were obtained in later generations, and 
were used for a few back-cross tests to doubly heterozygous females: 











TABLE 4 
Loc! | TYPE OF CROSS | NON-CROSSOVERS | CROSSOVERS | TOTAL 
| os — | 
bm fr | wefXt+ | &@ | 9 | 4 . = ee 
| Pm Xf 49 | 126 133 29 «| «(337 





These data give a total of 184 crossovers among 402 flies, or a percentage 
of 45.8. It may be supposed that a distance as great as this would include 
much double crossing over, so that in spite of the small numbers obtained 
and the serious viability complications, we may conclude that the chromo- 
some is at least 45 units long. Since there is almost free assortment in the 
female, yet no double recessives were obtained in the F, count, it follows 
that there is no crossing over in the male. 

Spread. On February 22, 1920, it was found that there were a number 
of flies in the yellow prune stock (of mixed Florida and Cold Spring Harbor 
ancestry) that had their wings spread out almost at right angles to their 
bodies. Females of the new type mated to males of other stocks produced 
only offspring with wild-type wings, and spreads mated together were 
found to breed true, thus showing the character to be an autosomal reces- 
sive. Spread mated to scarlet (third-chromosome) gave the following F:: 








WILD-TYPE | SPREAD SCARLET | SPREAD SCARLET TOTAL 


261 76 79 | 19 435 





This result indicated that the two genes were in different chromosome 
pairs, and a spread by plum (second chromosome) F: was accordingly 
obtained, as follows: 














WILD-TYPE PLUM | SPREAD | SPREAD PLUM | TOTAL 


101 0 


224 95 420 








Evidently spread and plum are in the same chromosome pair. In 
later generations the double recessive, spread plum, was easily obtained, 
and was used for the following back-cross tests of doubly heterozygous 
females: 























AUTOSOMAL GENES OF DROSOPHILA SIMULANS 187 














TABLE 5 
Loc! TYPE OF CROSS NON-CROSSOVERS CROSSOVERS TOTAL 
sd Pm St PmX+ | 670 | 633 | 156 157 1616 
sa X bm 468 507 | 168 151 1294 








These data give a total of 632 crossovers among 2910 flies, or 21.7 per- 
cent. Taken in connection with the absence of double recessives in the 
F, from plum & spread, they also indicate that there is no crossing over 
in the male. This conclusion is verified by the single back-cross test of 
a doubly heterozygous male, that has been made: 














TABLE 6 
—o-- - 
LOCI TYPE OF CROSS | NON-CROSSOVERS | CROSSOVERS | TOTAL 
a Sema aa, VRIES: 
. _ | | 
Sd Pm Sd Pm X + (co test) 121 107 0 0 228 








Intersex. A preliminary account of this mutation has already been 
published (StuRTEVANT 1920a). On January 1, 1920, a stock from Roches- 
ter, Minnesota, was found to contain individuals that appeared to be 
partly male and partly female. Examination of numerous specimens 
showed that all belong to the same type. Their peculiarities, compared 
with normal males and females, are shown in figures 3, 4, and 5 and in 
table 7. 

















TABLE 7 
MALES | FEMALES INTERSEXES 
| 

ING 5256 cikin ioe apie mame bora vd s.5 0.03.5 Present Absent Absent 
Number of dorsal abdominal tergites........ | Five Seven Seven 
NS 6 Sch aN Sete bow ev kds eh 09 5.5.0605,6) Absent Present Present but 

abnormal 
EI an tohin ced as wir eae mike bins 9:05 Absent Two Two 
Penis. .... 121 SO pee eR Present Absent Absent 
ee eee | Present Absent Present but 

abnormal 
Rd ra tulanctcals bUdniacis accel Lateral Dorsal and Lateral 

| ventral 
Di I Oe Present Absent Present 
fe ee eer ee eee, Black Banded Black 
Gonads. ......cccececcccscecccccceseeeel Testes Ovaries Rudimentary 








The gonads being extremely rudimentary,—so small as to be very 
difficult to find,—it is not surprising that the intersexes are sterile. Their 
sexual behavior is indifferent, but they are courted by males. In addition, 
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the intersexes often have one character not normally present in either sex,— 
their wings are spread out, almost at right angles to the thorax. This 
character resembles the spread mutant character so closely that it has not 
seemed advisable to use the two mutations in the same experiment. 

The genital ducts and even the spermathecae of the intersexes often lie 
in or just outside the genital opening, the ovipositor plates being forced 


x 





Ficure 3.—Posterior portion of the abdomen of an intersexual D. simulans. A, anal 
plate. C, clasper. G, first genital tergite. Ov, ovipositor plate. S, spermathecae. 7, 
seventh dorsal tergite. VI, VII, spiracles. 


far apart. Similar malformations have been observed in a number of 
intersexes in other animals and also in gynandromorphs (cf. KEr~in and 
NvtTTALL 1919). 

A comparison of figures 3, 4, and 5 indicates that the first genital tergite 
of the normal male does not correspond to the seventh dorsal tergite of 
the female, as might have been supposed, since both are present in the 
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intersexes. There is a small weakly chitinized piece sometimes to be seen 
between the 5-6 tergite and the first genital tergite of cleared males; this 
probably represents tergite seven. The female apparently has no structure 
corresponding to the first genital tergite of the male. 











FicurE 4.—Posterior portion of the abdomen of a normal female of D. simulans. A, anal 
plate. Ov, ovipositor plate. S, spermathecae. 7, seventh dorsal tergite. VI, VII, spiracles. 


Crosses of normal brothers and sisters of intersexes to unrelated stocks 
have never produced intersexes in F;, but have often produced them in F., 
showing that the gene is recessive. Such F; counts, from pairs in which 
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other mutant genes that might affect viability were not present, have 
given the following totals: 7589, 224 intersex, 1104o°. This is an 
approximation to a 3:1:4 ratio, suggesting fhat the intersexes are females 
modified by a recessive autosomal gene. 

That they are modified females has been shown by cultures in which 
sex-linked recessive characters were present in half or in all the males, 








Ficure 5.—Posterior portion of the abdomen of a normal male of D. simulans. A, anal 
plate. C, clasper. G, first genital tergite. VI, VII, spiracles. 


but in none of the females. In such cultures these sex-linked characters 
are never present in the intersexes, which must therefore carry two X 
chromosomes. 
The intersex stock was crossed to plum, and the F; pairs that produced 
intersexes gave the following F; totals: 
TABLE 8 





FEMALE INTERSEX MALE 





Wild-type Plum Wild-type | Plum Wild-type Plum 





264 110 371 














et 
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The absence of the intersex plum class shows that the gene is in the 
second chromosome. In later generations a number of intersex plums were 
obtained, showing that the loci are not very close together; but the exact 
amount of crossing over has not been determined. 

It will be seen from the two counts given that cultures producing inter- 
sexes give a total of females and intersexes that is about equal to the number 
of males (1476:1571). It follows that many of these males are homo- 
zygous for the intersex gene. It has been observed that there are in such 
cultures about as many males with spread wings as intersexes with the 
same character, and that these spread males are, so far as tested, all sterile. 
Some of the males without spread wings are also known to be sterile; and 
no cultures have been obtained that seemed to come from males homo- 
zygous for intersex (i.e., the ratio of females to intersexes has never been 
1:1). The males homozygous for the intersex gene are therefore sterile, 
and have spread wings as frequently as do the intersexes themselves. They 
appear normal in other respects, and two sterile males that were probably 
of this type proved, on dissection, to have a complete set of normal-appear- 
ing internal genital organs. Though the testes were perhaps slightly 
smaller than usual, they contained motile sperm. 

As pteviously stated ,StuRTEVANT 1920 a), 104 intersexes have been 
produced by mothers heterozygous for yellow, and the male parts were 
not yellow in any of them. This result shows that these male parts contain 
in all cases a paternal X chromosome. Six intersexes have since been 
obtained from a yellow father and a not-yellow mother, and these also 
failed to show any yellow male parts. Therefore the male parts also carry 
a maternal X chromosome, and are XX in constitution. Intersexes are 
thus not gynandromorphs, but represent females in which an autosomal 
gene has modified the development so as to cause male characters to appear 
in parts that are still XX in constitution. The normal sex-determining 
mechanism is functioning as usual; but the end result is modified by a 
gene that‘is not even in the sex chromosomes. 

The present case serves to emphasize the distinction between sex-deter- 
mination (the mechanism determining whether an individual is to develop 
into a male or into a female) and the physiology of the development of 
the sexual characters. The direction in which the reaction is to proceed 
is commonly determined by a single factor (or at most by genes in a single 
chromosome pair); the details of the reaction after its direction has been 
determined must be supposed to be dependent upon many genes, pre- 
sumably located in different chromosome pairs. In the case of intersexual 
simulans, apparently, a mutation has occurred in one of these latter genes. 
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The mutated gene is active in determining visible sexual characters only 
in the females, so it may be taken as probable that the same is true of its 
normal allelomorph. 

Four simulans males with a plum gene in one second chromosome and 
an intersex gene in the other were mated to four yellow scarlet melano- 
gaster females. The offspring were 82 in number, all wild-type females 
and sterile so far as tested. This result shows that the intersex gene is 
recessive in hybrid females, just as it is in simulans females, and also 
indicates that heterozygosis for it does not cause such hybrids to be fertile. 
Such a result was, of course, to be expected. It serves, however, to empha- 
size the fact that there is no relation between the intersexes and the peculiar 
sex-ratios of the hybrids—a point that is of interest in connection with the 
hybrid intersexes obtained by Gotpscumipt (1916, 1917, 1919), by Har- 
RISON (1919), and perhaps by KerLrn and Nutratt (1919). 


Intersexual Diptera from the systematic literature 


In many groups of Diptera the males have large eyes that are very 
close together in front, while in the females the eyes are distinctly further 
apart, being separated by a relatively broad “front.” This relation holds 
in the majority of the Syrphidae and also of the Anthomyiinae and Dexiinae. 
In these three groups, especially the first two, numerous specimens have 
been described in which the distance between the eyes (or some other 
secondary sexual character) is intermediate between the characteristic 
male and female types. These specimens must evidently be considered 
as intersexual, and it therefore becomes of interest to see how they compare 
with the intersexes of Drosophila simulans. 

The Syrphid examples belong to the genera Syrphus, Platychirus, and 
Melanostoma, which are closely allied forms with similar habits. The 
most common type of intersex here is one with a “front” of intermediate 
width, and external genitalia entirely of one or the other sex. In Platy- 
chirus the sexes differ markedly in the color and shape of the first pair of 
legs; and in the intersexual specimens described by VILLENEUVE (1910) 
and by LunpBECK (1916) these were also intermediate. BECKER (1888) 
described three specimens of Syrphus lunulatus with male external genitalia; 
two had broad female-like fronts, but the front of the third was inter- 
mediate between the characteristic male and female types. In general, 
it appears that in the Syrphidae the intersexes are of several types, even 
within the same species. No explanation of their occurrence seems to 
have been proposed. 
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VILLENEUVE (1910) has described the Dexiine, Anacamptomyia (Rou- 
baudia) rufescens, from Africa. The males from the Congo agreed with 
most Dexiine males in having narrow fronts that did not bear external 
orbital bristles; but three males from Dahomey agreed with the females 
in having broad fronts and two external orbitals. Some of this material 
was known to have been parasitized by small Hymenoptera; and Vir- 
LENEUVE suggests that we may be dealing with an instance of “parasitic 
castration.” In view of the influence of parasitization on secondary 
sexual characters that has been demonstrated for Andrena (Hymenoptera) 
by Pérez (1886) and for Thelia (Hemiptera) by KorNnHAvsER (1919), 
this suggestion must be considered not only for Anacamptomyia but also 
for the intersexual Syrphidae and Anthomyiinae. 

STEIN (1895) thought that the unusual specimens of Fannia (Homa- 
lomyia), one of the Anthomyiinae, that he found, were the result of hybridi- 
zation between F. scalaris and F. incisurata. VILLENEUVE (1910) has 
seen a number of similar specimens, and states that a new species (Gymno- 
choristomma bosnica) was described by StRoBL on the basis of still others. 
The range of this type is at least from Poland to Spain, and fully a dozen 
specimens have been seen. VILLENEUVE is quite certain that they are 
not hybrids, but are F. scalaris with female-like heads and male external 
genitalia. He suspects that they may be due to parasitic castration, as 
in the case just discussed. The width of the front and the character of 
the legs are not constant in these specimens, but several stages occur that 
are intermediate between normal males and females. 

Cases somewhat similar fo the one just described have been recorded 
for a few other Anthomyiinae by Stern (1889), VILLENEUVE (1912), and 
ScHNABL (1890). The case recorded by ScHNaBL is that of Mydaea 
(Spilogaster) duplicata. He saw two specimens, collected at different times 
and places, that agreed in most respects. They showed a mixture of male 
and female secondary sexual characters in the head, legs, etc. A long 
ovipositor tube was present, but at its tip were somewhat abnormal male 
external genital plates. In addition, both specimens had a cross-vein 
missing. This case shows points of resemblance with the one here described 
for Drosophila simulans, especially in the structure of the external genitalia 
and in the presence of another character, not normal for either sex (spread 
wings in Drosophila, missing cross-vein in Mydaea). This similarity 
suggests that here also we are dealing with a mutaticn, though parasitic 
castration remains as a possible interpretation. 

There are a number of other records of Diptera (other than Drosophila) 
that show mixtures of male and female parts. These, however, are most 
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likely gynandromorphs rather than intersexes, since the descriptions indi- 
cate that they are mosaics. Each part is either male or female, not inter- 
mediate as are some of the parts of all the specimens so far discussed. 
These forms are distributed as follows: 
Culicidae: Aedes (Culex) abserratus, 1 (FELT 1904). 
Aedes (Culicada) pullatus, 1 (Fett 1904). 
Culex theileri, 1 (BEDFORD 1914). 

Empididae: Hilara wheeleri, 1 (MELANDER 1901). 

Dolichopodidae: Synarthrus cinereiventris, 1 (LOEW 1874). 

Stratiomyidae: Beris nitens, 1 (LOEw 1846). 

Anthomyiinae: Hydrotaca meteorica, 1 (STEIN 1890). 

Some of the Syrphidae described by VILLENEUVE (1912), and the one 
recorded by WAHLBERG (1847), may also be gynandromorphs, rather than 
intersexes. For Drosophila melanogaster, MORGAN and BripceEs (1919) 
have described about 80 gynandromorphs; and seven gynandromorphic 
D. simulans were recorded in Part II of these studies.® 


x 


CHARACTERS DEPENDENT ON GENES IN TWO CHROMOSOMES 


Kidney-like. On December 31, 1919, it was noticed that a number of 
males and females with eyes resembling the “kidney” mutant character 
of melanogaster were present in a culture of pure Florida ancestry that 
formed part of the yellow prune linkage experiments. The character was 
used in a number of experiments, but was found difficult to classify, and 
to be often associated with sterility (in the males) or with low productivity 
(in the females), and has accordingly been discarded. 

The character was found to be recessive and not sex-linked, but appeared 
in much less than one-fourth of the F, flies when out-crossed. Crossed 
to othér mutant stocks it produced the following F; results: 

Kidney-like X plum (second chromosome): 





WILD-TYPE | KIDNEY-LIKE PLUM PLUM KIDNEY-LIKE 





367 | 57 116 0 





Kidney-like X scarlet (third chromosome) : 





WILD-TYPE | KIDNEY-LIKE SCARLET SCARLET KIDNEY-LIKE 











231 48 81 5 





5 The wingless Phorid fly, Termitoxenia, that occurs in Termite nests, was described by Was- 
MANN (1901) as being normally a protandrous hermaphrodite; but the studies of BUGNION 
(1913) make it seem certain that all the specimens examined have been females. What Was- 
MANN took to be testes are probably seminal receptacles full of sperm received at copulation. 
The males are unknown, but are probably winged as in other Phoridae with degenerate females. 
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The results with plum indicate that the kidney-like eye does not appear 
except in flies homozygous for a second-chromosome gene; and the results 
with scarlet indicate that it usually fails to appear unless a third-chromo- 
some gene is also present in homozygous form. 

Branched. This mutation was discovered March 7, 1920, in a culture 
of mixed Florida, Minnesota, and Staten Island ancestry. The culture 
was a brother-sister pair-mating and formed a part of the intersex plum 
experiments. Both parents were heterozygous for plum. The following 
count was obtained: 














TABLE 9 
FEMALES MALES 
Wild-type | Branched | Plum | — | Wild-type | Branched | Plum — 
82 7 | ae oe Fk. | 28 0 





A number of closely related pairs were tested, 
for other purposes, but did not produce branched 
ofispring, so that the mutation was probably 
of recent origin, and at least one of the necessary 
genes was not widely scattered through the plum 
or intersex stocks. 

The character is named from its most striking 
peculiarity,—the branching of the fifth vein, 
illustrated in figure 6. This characteristic is 
somewhat variable, and probably sometimes 
overlaps the normal. The wings of branched 
flies are usually not held quite flat, but are 
tipped slightly upward on the inner side. The 
mutant is also characterized by a tendency to 
sterility, especially among the males. 





When branched was crossed to scarlet (third 


chromosome) the following F; was obtained: FicuRE 6.—Wing of a branched 
D. simulans. 
WILD-TYPE BRANCHED | SCARLET SCARLET BRANCHED 











149 26 276 0 





6 There is reason to believe that there was a third-chromosome lethal present in this experi- 
ment, and that this is the reason more scarlets were not produced. Since this view was not 
definitely established, such a lethal has not been included among the known mutant genes 
of simulans. 
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2. The sex of the hybrid offspring is not changed over: XX hybrids 
are always female, X hybrids aré always male. 

3. Analysis of these results shows that hybrids do not live unless they 
carry a simulans X. If they do carry a simulans X survival is usual unless 
a melanogaster X is also present and the combination is made in a simulans 
egg. Under these latter circumstances the result is variable, some cultures 
showing that none of the flies under consideration live, while in other 
cultures they apparently all live. These differences are, to judge from 
certain unpublished data, due in part at least to the nature of the simulans 
egg in which the combination is made. 

4. The hybrids are all completely sterile, with rudimentary gonads. 
They are intermediate between the parent species in the respects in which 
the latter differ, but they often show a few characters not normally present 
in either parent species. 

5. D. simulans apparently has the same chromosome group as melano- 
gaster, viz., (haploid group) a rod-shaped X, two large V-shaped autosomes, 
and a small spherical autosome. The mutant genes of simulans form three 
linkage groups: 8 sex-linked and therefore in the X, 7 in a group that 
corresponds to the third chromosome of melanogaster,’ and 6 in another 
group that evidently corresponds to the second chromosome of melano- 
gaster. No mutation has yet appeared in the fourth chromosome. These 
proportions agree well with those observed among the mutant geues of 
melanogaster. 

6. The mutant genes of each species show the same relations of domi- 
nance and recessiveness in hybrids that they do in the pure species them- 
selves. The tests of this point that have been made may be summarized 
as follows: 

A. Recessive mutant genes of melanogaster that are known to be reces- 

sive in hybrids: 

Group I. Yellow, scute, white, eosin, coral, echinus, ruby, cut, 
vermilion, tiny-bristle, garnet, small, forked. 

Group II. Telegraph, aristaless, dumpy, dachs, pink-wing, black, 
purple, safranin, vestigial, curved, arc, plexus, brown, 
purploid, speck. 

Group III. Roughoid, sepia, scarlet, peach, color, spineless, kidney, 
sooty, ebony 2, white-ocelli, rough, claret. 

Group IV. Eyeless. 


7 Thiséncludes one mutant gene not recorded in this paper, but definitely known to be linked 
to peach and to scarlet. It is now being studied. 








AUTOSOMAL GENES OF DROSOPHILA SIMULANS 199 


B. Recessive mutant genes of simulans that are known to be recessive 
in hybrids: 
GroupI. Yellow, prune, rubyoid, carmine, forked, tiny-bristle. 
Group II. Plum, intersex, spread. 
Group ITI. Scarlet, peach, roughish. 
C. Sex-linked recessive mutant genes of simulans that are known to 
produce their usual effects in hybrid males: 
Yellow,® prune, rubyoid, carmine,® forked.® 
D. Dominant mutant genes of melanogaster that are known to be domi- 
nant in the hybrids: 
GroupI. Notch 8,° bar. 
Group II. Star.® 
Group III. Dichaet.* 

7. The following mutant genes of the two species have been shown to 
be allelomorphic to each other: 

Group I. Yellow simulans with yellow melanogaster 
Prune simulans with prune melanogaster 
Rubyoid simulans with ruby melanogaster 
Carmine simulans with garnet melanogaster 
Forked simulans with forked melanogaster 

Group IIT. Scarlet simulans with scarlet melanogaster 
Peach simulans with peach melanogaster 

8. The five sex-linked parallels occupy loci that are in the same sequence 
in the two species, but the corresponding percentages of crossing over are 
not the same in all the intervals concerned, being greater near the left- 
hand end of the simulans map than in the same part of the melanogaster 
map. 

9. The two third-chromosome parallels show about fifteen times as much 
crossing over in simulans as in melanogaster, no correction for double 
crossing over having been made. 

10. Coincidence of crossing over in the X chromosome is about the same 
in the two species. 

11. Non-disjunction of the sex-chromosomes occurs in simulans, and 
so far as investigated is closely similar to the same phenomenon in 
melanogaster. 

12. Seven gynandromorphs found in simulans lead to the same con- 
clusions as the much larger series known in melanogaster. 

8 Hybrid females homozygous for simulans yellow, carmine, or forked, are also known to show 


the characters concerned. 
® The recessive lethal effects of these genes are also recessive in hybrids. 
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13. In simulans, as in melanogaster, there is no crossing over of auto- 
somal genes in the male. 


COMPLEMENTAL GENES 


The extraordinary variability that has been observed in the F, generation 
of many species crosses (cf. Baur 1911, East 1916, 1920, Correns 1909, 
NAUvDIN 1865, etc.) indicates that such species differ in many factors that 
are of the nature of specific modifiers, which can produce their maximum 
effects only in the presence of genes supplied by the other species that is 
used in the cross. In the case of melanogaster and simulans a similar state 
of affairs is indicated by the fact that the F; hybrids show characters not 
present in either parent. 

Such genes are perhaps to be thought of as having arisen by mutation 
and having been perpetuated through chance. Since they do not produce 
any significant effect in the genetic complex in which they arose, they are 
not eliminated by natural selection, and some of them will sooner or later 
happen to, be incorporated into the race. 

This process is presumably going on within the species, and it seemed 
possible that it might there be feasible to get evidence of its existence. 
Wild races from widely separated localities might be expected to carry 
such complementary genes, and occasionally to give rise to unusual types 
in I;. Numerous such crosses have been carried out with Drosophila 
melanogaster. DuNCAN (1915), for example, crossed three mutant races 
to wild races from Arkansas, California, Illinois, Massachusetts, Min- 
nesota, Ohio, Wyoming, Porto Rico, Cuba, Australia, and France. A 
total of 16,637 F, flies was examined, and no evidence of any unusual 
results due to the crosses was obtained. Similar negative results have 
been obtained by others with wild races from Alabama, Florida, Indiana, 
New Jersey, New York, Oregon, South Carolina, South Dakota, Washing- 
ton, Nova Scotia, and elsewhere. I have crossed races of D. busckii from 
Norway and Massachusetts; of D. funebris from Norway, New Hampshire, 
Massachusetts, New York, Michigan, Minnesota, South Dakota, and 
California; of D. immigrans from Norway, New York, Maryland, and 
Florida; and of D. simulans from New Hampshire, New York, Minnesota, 
Alabama and Florida. In all these cases, also, F, showed no indication of 
unusual types resulting from the crosses. The only conclusion to be drawn 
from these extensive negative results is that, within these widely distrib- 
uted species, local races do not usually differ by complementary genes 
conditioning the appearance of conspicuous new characters. It should, 
however, be remembered that all five species mentioned are forms that 
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occur around houses, grocery stores, garbage piles, and similar places. 
They are undoubtedly frequently transported from one locality to another, 
and this may act to prevent the differentiation of local races. It remains 
possible that different results might be obtained with some of the native 
species that are seldom found except in woods (such as D. melanica, robusta, 
affinis, or guinaria, all of which can be bred in the laboratory). 


THE GENETIC CONSTITUTION OF RELATED SPECIES 


It cannot be doubted that closely related species have many genes in 
common, since the characters that they have in common must have, in 
large part, an identical genetic basis. This being the case, it is probable 
that identical mutations will sometimes occur in different species, since 
such recurrences within one species are relatively frequent. But to prove 
either of these points in any given case is exceedingly difficult. 

Even within a given species the identity of two mutations can never be 
assumed merely because the two characters look alike. There is reason 
to believe that there are at least 2000,—probably many times that number 
—different loci in Drosophila melanogaster.° It is known that genes in 
many of these loci are capable of producing similar or almost identical 
results. There are, in D. melanogaster, mutations in more than 25 loci 
that affect eye color, and in more than 15 loci that affect bristle number. 
About 10 genetically different roughened eyes are known. The eye-colors 
vermilion (first chromosome) and scarlet (third chromosome) are practically 
identical in appearance. Sable (first chromosome), black (second chromo- 
some), and sooty (third chromosome) are closely similar body-colors. 
This list might be extended indefinitely; but it will already be clear that 
similar appearance is never sufficient proof of identity. Two genes can 
be shown. to be identical or to occupy the same locus only when they are 
shown to be allelomorphic to each other or to the same other gene. Proof 
that they occupy the same locus can be approximated by other methods, 
and under certain conditions may be made almost as convincing as the 
test of allelomorphism, but is never entirely conclusive. 

When an attempt is made to show the identity of mutations in different 
species the danger of error becomes even greater. Within a given species 
it is clear that certain loci are more mutable than others, and this fact 
obviously increases the likelihood of two similar mutations being identical; 
but in another species the more mutable loci might be different ones, so that 

1° This minimum number is deduced, by a method devised by Dr. H. J. Mutter, from the 


relation between the total number of mutations discovered and the number of loci in which 
those mutations occurred. 
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this factor would now decrease the probability of identity. Furthermore, 
identical mutations in different species, having a somewhat different genetic 
complex to react with, might produce characters that looked different. 
The case of tiny-bristle, reported in Part II of these studies (STURTEVANT 
1921), is an example of the danger of interspecific comparisons that are 
unchecked by tests of allelomorphism. Not only are the two mutations 
(in D. melanogaster and D. simulans) closely similar in many respects (small 
bristles, irregular eyes, small size, late emerging, female sterility), but both 
genes are sex-linked and occupy loci at considerable distances from the 
left-hand end of the X. Yet the data previously presented show conclu- 
sively that they are not allelomorphs and that their respective loci are on 
opposite sides of the garnet-carmine locus. 

Certain students of mimicry have suggested that model and mimic 
resemble each other because they have identical genes, i.e., because identical 
mutations have occurred in them. This view is open to serious objection 
because it places mimicry in an entirely separate category from such 
examples of protective coloration as are furnished by Kallima or by leaf- 
insects and stick-insects. Nor can it apply to cases of mimicry such as 
occur in certain Syrphid flies (Spilomyia, Temnostoma, etc.), where the 
antennae of wasps are mimicked by the front legs of flies. Even in the 
cases to which the view was intended to apply, it is rendered very ques- 
tionable by the considerations elaborated above. 

Among mammals, more especially among the rodents, the normal ticked 
or agouti pattern shows similar variations (black, yellow, brown, dilute, 
white, piebald, etc.) in a number of different species. It has often been 
stated or implied that these are due to identical mutations. In certain 
cases there is specific evidence against such a view. In mice, for example, 
yellow is dominant to agouti, and is allelomorphic to the gene that differ- 
entiates black from agouti. In other rodents yellow is recessive, and 
is not allelomorphic to black. Clearly then the yellow of mice is different 
from the yellow of other rodents. In most of the other cases there is no 
evidence of this nature indicating that the genes are different; but except 
in the cases now to be discussed I am not aware of any evidence, other 
than similarity, indicating identity. 

In mice (Morcan 1914, etc.) and in guinea-pigs (DETLEFSEN 1914) 
there are three similar types,—light-bellied agouti, ticked-bellied agouti, 
and black,—that are due to allelomorphic genes. In mice yellow is in 
this same locus, and in rabbits agouti, black-and-tan and black are allelo- 
morphic. In rats two allelomorphic genes (agouti and black) are known. 
Here then we have three related forms in which the locus bearing the differ- 
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entiator between agouti and black has produced two or more different 
mutant allelomorphs, and in the case of mice and guinea-pigs three similar 
color patterns occur. 

A somewhat similar parallelism occurs in the case of the locus that 
bears the differentiator between intense pigmentation and albinism. In 
mice two allelomorphs are known,—intense and albino. In rats there 
are three allelomorphs,—intense, dilute, and albino (WuitTING and KiNG 
1918). In rabbits we have intense, Himalayan, and albino (StuRTEVANT 
1913). In guinea-pigs four allelomorphs are present,—intense, dilute, red 
eye, and sooty albino (WricHt 1916). Dr. Wricut informs me that in 
all the intermediates between intense and albino “black is diluted toward 
sepia (instead of maltese) and red to cream or white, and [red] is affected 
to a greater extent than black.” In the case of rats and mice there is still 
further evidence bearing on this locus. HALDANE, SPRUNT and HALDANE 
(1915), Castte (1919) and Dunn (1920) have shown that in mice the 
albino locus is linked to the pink-eye locus, giving about 14.5 percent of 
crossing over with it. CasTie (1919) finds that in rats closely similar 
mutations (albino and pink eye) give about 21 percent of crossing over. 
Here then we have two loci that have given similar mutations in the two 
species, and that are also known to be in the same chromosome in each 
species. If further parallels could be found in this chromosome (it contains 
a third mutated gene in rats), or if further parallel variations could be found 
in the albino locus in mice (which are the only thoroughly studied rodents 
in which there is no known third allelomorph of albinism), this case might 
become quite convincing. As it stands at present, however, parallelism 
seems to me to be not demonstrated, in view of the difficulties enumerated 
above. 

DETLEFSEN (1914) has, however, obtained clear evidence of identical 
loci in the guinea-pig (Cavia porcellus) and the related C. rufescens. These 
two species are sufficiently close so that they can be crossed; though that 
they are “good species” is indicated by their different appearance and by 
the fact that the F, males were all sterile. D&TLEFSEN has studied the 
descendants of the hybrid females when mated to porcellus males, and has 
used known porcellus mutant races in the crosses. He has shown that at 
least seven loci are present in both species and behave in the hybrids in 
the same way as in porcellus. Six of these loci are occupied by wild-type 
allelomorphs that seem to be identical in the two species: the seventh locus 
is the agouti-black locus mentioned above, and the light-bellied agouti 
there listed is the “wild-type” allelomorph, present in porcellus, while 
ticked-bellied agouti is the only type known in rufescens and is not known 
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at all in porcellus. This case makes it certain that the two species carry 
some identical loci, and identical genes in some of these loci; but it does 
not show that identical mutations, or mutations in identical loci, have 
occurred in separate species; for no mutant races of rufescens have been 
studied."! 

It is clear that the likelihood of two mutations being identical is increased 
if the characters concerned are complex or are unique in any respects. 
Metz (1916) has found a mutation (confluent) in Drosophila virilis that 
resembles one of the same name in D. melanogaster, in which this condition 
is fulfilled. It is also fulfilled in the cases of hairless and notch in D. 
funebris and D. melanogaster. In the latter instance (notch) the case is 
somewhat strengthened by the facts that both genes are sex-linked and 
that in D. melanogaster notch is a frequently recurring mutation, so that 
it might be expected to be likely to occur in another species. 

This last point,—high mutability,—is applicable to two other loci that 
have apparently given identical mutations in Drosophila species. Yellow 
is a relatively frequent mutation in melanogaster, and we have seen that 
it has occurred (probably twice) in simulans. Metz (1916) has described 
what appears to be the same thing in virilis. Forked has certainly appeared 
both in melanogaster and in simulans, and mutations closely similar to these 
have appeared both in virilis and in funebris. 

As has been pointed out in Part II of these studies (SruRTEVANT 1921) 
yellow and forked in virilis give nearly the same amount of crossing over 
as in melanogaster and simulans; and notch and forked in funebris give 
about three-fourths as much crossing over as in melanogaster. This consti- 
tutes still another line of evidence indicating that these genes in virilis 
and funebris are identical, or at least allelomorphic, with those in melano- 
gaster. But in the absence of direct evidence of allelomorphism, the case 
is not established. [If still more parallels could be found, and could be 
shown to have the same sequence in the maps, the case would be still 
stronger, and might become practically conclusive. But until such evi- 
dence is available, only direct tests of allelomorphism can be accepted as 
convincing evidence that identical loci are concerned. Such evidence 
can be obtained only through crosses, and has actually been obtained in 
only a very few cases. 

East (1916) has crossed Nicotiana Langsdorffii and N. alata. As fre- 
quently happens in species crosses, F, presented a bewildering array of 

1 T am indebted to Dr. Sewatt Wricut for much of the information included in the above 


discussion of parallelism in rodents and for several suggestions concerning the treatment. Dr. 
Wricut is not, however, responsible for any of the opinions expressed. 
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types; but East was able to show that in respect to corolla color and to 
pollen color the results are due to simple Mendelian differences between 
the parent species. This constitutes evidence that the wild-type genes 
present in the two species behaved as allelomorphs, and that these species 
therefore had at least two loci in common. 

CorrENS (1909) crossed Mirabilis Jalapa (Four-o’clock) with M. longi- 
flora. Here again F, was extremely variable. If, however, the recessive 
“chlorina”’ mutant of Jalapa was used as a parent, about one-fourth of the 
F, plants showed the chlorina character. It follows that the normal allelo- 
morph of the chlorina gene was present in Jongiflora, and that this locus 
behaved in the maturation of the hybrid germ-cells as it does in pure 
Jalapa. 

Baur (1911) has crossed Antirrhinum majus (Snapdragon) and A. 
molle, again with the production of an extremely variable F,. Baur 
believes that most of the specific differences here are Mendelian. He 
has also used at least five mutant races of A. majus in such crosses, and 
has obtained results similar to those of CorrRENS with Mirabilis. The 
two species evidently have at least five wild-type genes in common. 

The data obtained by DETLEFSEN in crosses between Cavia porcellus 
and C. rufescens, that have already been discussed, should be compared 
with those just described, since the conclusions are based on similar 
evidence. 

The evidence presented in these studies has shown that 44 recessive 
mutant genes (in 41 loci) of Drosophila melanogaster and 12 recessive 
mutant genes of D. simulans (in 12 loci) are also recessive in the melano- 
gasier-simulans hybrids. Allowing for loci that are included in both totals 
(see below), this constitutes evidence” that 46 wild-type allelomorphs are 
common to the two species, or (since the evidence does not actually prove 
these allelomorphs to be identical), at least that each species has a wild- 
type allelomorph in every one of these 46 loci. And these 46 are the only 
loci so investigated." 

In the case of seven of the loci of melanogaster and simulans each species 
has produced a mutation, and crosses of these mutated races have shown 
that the mutant genes are allelomorphic, thus furnishing conclusive evi- 
dence that the two species are alike to this extent. These are, I think, the 

12 Not conclusive evidence, however; for it is possible that in some cases recessiveness is not 
due to the counteracting influence of the dominant allelomorph, but rather to an insufficient 
amount of the recessive allelomorph in heterozygotes. 

13 Tt would appear that the mule affords an opportunity for similar studies. Color inheritance 


in the horse is well understood, and most of the colors that occur in the horse may also be seen 
in mules. The relations of the various colors of the ass do not seem to have been worked out. 
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first cases in which parallel mutations in distinct species have been 
demonstrated. 

Five of the parallel mutations are in the X chromosomes, so that it has 
been possible for the first time to construct parallel maps based on loci 
known to be identical but occurring in distinct species. As we have seen, 
these maps show that the five loci have the same sequence in the two species, 
but that the amount of crossing over in different regions is not identical. 

These examples furnish definite proof that related species do have many 
genes in common, and that identical mutations may occur in different 
species. The data from D. simulans show, what was suggested by the 
other results and by much cytological data, that the constitution of a 
chromosome may be essentially the same in two different species. That 
the crossing-over percentages are different is not surprising, since these 
are known to be variable even within one species. 


LITERATURE CITED 


Baur, E., 1911 LEinfiihrung im die experimentelle Vererbungslehre. iv + 293 pp., 9 pl. Ber- 
lin: Gebriider Borntraeger. 
Becker, T., 1888 Eine zwitterihnliche Missbildung von Syrphus lunulatus. Wien. entomol, 
Zeitg. 7: 71-74. 
Beprorp, G. A. H., 1914 A curious mosquito. Trans. Roy. Soc. South Africa 4: 143-144. 
Brwces, C. B., anD Morr, O. L., 1919 The inheritance of the mutant character “vortex.” 
Genetics 4: 283-306. 
Bucnion, E., 1913 Termitoxenia, étude anatomo-histologique. Ann. Soc. Entomol. Belgique 
57: 23-44. 
CasTLe, W.E., 1919 Studies of heredity in rabbits, rats and mice. Carnegie Inst. Washington 
Publ. 288, 56 pp. 
Correns, C., 1909 Vererbungsversuche mit blass(gelb)griinen und buntblattrigen Sippen bei 
Mirabilis Jalapa, Urtica pilulifera und Lunaria annua. Zeitschr. indukt. Abstamm. 
Vererb. 1: 291-329. 
DETLEFSEN, J. A., 1914 Genetic studies on a cavy species cross. Carnegie Inst. Washington 
Publ. 205, 134 pp. 10 pl. 
Duncan, F. N., 1915 An attempt to produce mutations through hybridization. Amer. Nat. 
49: 575-582. 
Dunn, L. C., 1920 Linkage in mice and rats. Genetics 5: 325-343. 
East, E. M., 1916 Inheritance in crosses between Nicotiana Langsdorffii and N. alata. Ge- 
netics 1: 311-333. 
1920 Hybridization and evolution. Amer. Nat. 54: 262-264. 
Fett, E. P., 1904 Mosquitoes or Culicidae of New York State. Div. Entomol., New York 
State Mus. Bull. 79, Ent. 22. 
Gotpscumipt, R., 1916 Experimental intersexuality and the sex-problem. Amer. Nat. 50: 
705-718. 
1917 A further contribution to the theory of sex. Jour. Exper. Zodl. 22: 593-611. 
1919 Intersexualitit und Geschlechtsbestimmung. Biol. Zentralbl. 39: 498-512. 
HacEn, H., 1863 Insekten-Zwitter. Stett. entomol. Zeitg. 24: 189-195. 
HAtpang, J. B. S., Sprunt, A. D., and HALDANE, N. M., 1915 Reduplication in mice. Jour. 
Genetics 5: 132-135. 














AUTOSOMAL GENES OF DROSOPHILA SIMULANS 207 


Harrison, J. W. H., 1919 Studies in the hybrid Bistoninae. IV. Concerning the sex and 
related problems. Jour. Genetics 9: 1-38. 
Keityy, D., and Nutra, G. H. F., 1919 Hermaphroditism and other abnormalities in Pedic- 
ulus humanus. Parasitology 11: 279-328. 
KornHAUvSER, S. I., 1919 The sexual characteristics of the Membracid, Thelia bimaculata. I. 
Jour. Morphol. 32: 531-636. 
LANCEFIELD, D. E., 1918 Scarlet, an autosomal eye color identical with vermilion. Biol. 
Bull. 35: 207-210. 
Loew, H., 1846- Bemerkungen iiber die Gattung Beris und Beschreibung eines Zwitters von 
Beris nitens. Stett. entomol. Zeitg. 7: 301-306. 
1874 Uber einen Zwitter aus der Ordnung der Dipteren. Zeitschr. ges. Naturwiss., n. F. 
10: 75-79. 
LunbBECK, W., 1916 Diptera Danica. V. Syrphidae. 591 pp. 
MELANDER, A. L., 1901 Gynandromorphism in a new species of Hilara. Psyche 9: 213-215. 
Metz, C. W., 1916 Mutations in three species of Drosophila. Genetics 1: 591-607. 
Morean, T. H., 1914 Multiple allelomorphs in mice. Amer. Nat. 48: 449-458. 
Morean, T. H., anp Brincss, C. B., 1919 The origin of gynandromorphs. Carnegie Inst. 
Washington Publ. 278, pp. 1-122. 
Nauprn, C., 1865 Nouvelles recherches sur l’hybridité dans les végétaux. Nouv. Arch. Mus. 
Paris 1: 25-176. 
P£REZ, J., 1886 Des effets du parasitisme des Stylops sur les apaires du genre Andrena. Act. 
Soc. Linn. Bordeaux 40 (sér. 4, 10): 21-60. 
Ricwarps, M. H., 1918 Two new eye colors in the third chromosome of Drosophila melano- 
gaster. Biol. Bull. 35: 199-206. 
ScHNABL, J., 1890 Ein merkwiirdiger Dipterenzwitter (Hermaphroditismus verus?). Wien. 
entomol. Zeitg. 9: 177-181. 
STEIN, P., 1889 Ein neuer Dipterenzwitter. Wien. entomol. Zeitg. 8: 95-96. 
1890 Ein echter Dipterenzwitter. Wien. entomol. Zeitg. 9: 129-130. 
1895 Die Anthomyiden-gruppe Homalomyia, etc. Berlin. entomol. Zeitschr. 40: 1-141. 
SturTEVANT, A. H., 1913 The Himalayan rabbit case, with some considerations on multiple 
allelomorphs. Amer. Nat. 47: 234-239. 
1920a Intersexes in Drosophila simulans. Science, n. s. 51: 325-327. 
1920b Genetic studies on Drosophila simulans. I. Introduction. Hybrids with Drosoph- 
ila melanogaster. Genetics 5: 488-500. 
1921 Genetic studies on Drosophila simulans. II. Sex-linked group of genes. Genetics 
6: 43-64. 
VILLENEUVE, J., 1910 Etudes diptérologiques. Wien. entomol. Zeitg. 29: 79-85. 
1910 Descriptions de nouvelles espéces de Tachinaires provenant de l’Afrique occidentale. 
Wien. entomol. Zeitg. 29: 249-254. 
1912 Les travestis. Feuille jeun. Natural., sér. 5, 42: 111-113. 
WAHLBERG, 1847 Oecefvers. Vet. Acad. Foerhdl. 100. (I have not seen this. The reference 
is from Hagen 1863.) 
Wasmann, E., 1901 Termitoxenia, ein fliigelloses, physogastres Dipterengenus aus Termiten- 
nestern. II. Zeitschr. wiss. Zool. 70: 289-298. 
Wurtinc, P. W., anp Kine, H. D., 1918 Ruby-eyed dilute gray, a third allelomorph in the 
albino series of the rat. Jour. Exper. Zodl. 26: 55-64. 
Waricar, S., 1916 An intensive study of the inheritance of color and other coat-characters in 
guinea-pigs. Carnegie Inst. Washington Publ. 241, pp. 59-160. 


Generics 6: Mr 1921 

















on 














